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ABSTRACT 
This dissertation examines the paleoecological records from the Shark River 
Estuary in the southwestern part of the Everglades National Park (ENP), Florida, with 
primary goal of reconstructing the Holocene history of the coastal mangrove 
ecosystem in the Florida Coastal Everglades. Roughly 15 meters of sediments were 
collected from 4 study sites and subjected to loss-on ignition, palynological, and 
X-ray fluorescence analyses. 
According to the literature, the earliest communities of Rhizophora mangle (red 
mangrove) occurred prior to 8,000 cal yr BP in the south-central area of the Belize 
Barrier Reef Platform. Between 7,000 and 5,000 cal yr BP, Rhizophora was 
established in the Caribbean coast of South America and Central America. With 
warmer winter sea-surface temperature and a decreased rate of sea-level rise between 
5,000 and 3,000 cal yr BP, Rhizophora eventually colonized the coastlines of the 
Yucatan, South Florida, and Bermuda. 
Statistical analysis of 25 modern pollen spectra from the Everglades National 
Park shows that different wetland sub-environments in the Everglades can be 
identified based on their palynological signature. Accordingly, palynological data 
from sediment cores can be used to accurately reconstruct past wetland responses to a 
variety of environmental and climatic changes in the Everglades. 
Multi-proxy analyses of sediment cores from four study sites along the Shark 
River Estuary reveal that the mid-Holocene sea-level rise is the dominant cause of 
vegetation change. The Shark River Estuary underwent three major transformations 
vii 
 
during the last six millennia: (1) Short-hydroperiod marl prairies were progressively 
replaced by long hydroperiod prairies and sloughs from ∼5,700 to 3,800 cal yr BP. (2) 
Long hydroperiod prairies and sloughs were replaced by brackish marsh from 3,800 to 
2,000 cal yr BP. (3) A significant expansion of mangroves occurred over the last 
2,000 years. In addition to Hurricane Wilma in 2005, the southwestern Everglades 
were directly impacted by at least six major hurricanes at ~3,000, 1,700, 950, 580, 
350, and 120 cal yr BP. At ~1,100 cal yr BP, as the shoreline became stabilized, a 
mixed mangrove forest was formed at the mouth of the Shark River.  
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CHAPTER 1. INTRODUCTION 
The Everglades of southern Florida contains the largest freshwater marshes and 
mangrove swamps in North America (Lodge, 2010). However, the structure and 
composition of this valuable natural resource have been impacted by rapid sea-level 
rise and human activities (Snedaker, 1993; Rudnick et al, 1999; Simard et al, 2006; 
Alongi, 2008). Tidal gauges from South Florida record that the rate of sea-level rise 
(SLR) has increased to 3.8 mm/yr since AD 1930, a rate that is 6 to 10 times that of 
the past 3200 years (0.4 mm/yr) (Wanless et al, 1994). Such pace has the potential to 
trigger permanent inundation, salinization, and erosion in the Everglades’ coastal 
wetlands (Snedaker, 1993). Additionally, human alteration of the hydrological system 
during the last 100 years has also caused freshwater reduction and salinization in the 
coastal Everglades (Rudnick et al, 1999; Simard et al, 2006). As a direct result of SLR 
and human activity, more inland dispersion of salt tolerant species (e.g. mangrove) has 
been observed along the southern Florida coasts. It has been documented that the 
mangrove zones have migrated 3.5 km and 1.5 km inland in the Florida Bay and Key 
West areas, respectively, since 1940 (Ross et al, 2000). 
 Currently, an 8 billion USD restoration project has been launched to restore the 
hydrological systems in South Florida and reverse the structural and compositional 
changes to its coastal wetlands (CERP, 2000; Simard et al, 2006). However, the 
restoration project is challenged by accelerating climate changes. The 
Intergovernmental Panel on Climate Change (IPCC) predicts that the rate of SLR, 
which is the biggest threat to coastal wetlands, will increase as a consequence of global 
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warming during the 21
st
 century (Farnsworth and Ellison, 1997; Valiela et al., 2001; 
Alongi, 2002; Duke et al., 2007; IPCC, 2014). The restoration process is further 
complicated by projected more frequent major hurricanes (category 3-5) in the next 100 
years (Elsner et al, 2008; Bender et al, 2010). Increased hurricane disturbances have the 
potential to cause massive mangrove mortality, soil erosion, peat collapse, as well as 
allochthonous nutrient and sediment input to coastal wetlands in southern Florida 
(Smith et al., 1994, 2009; Chen and Twilley 1999a, b; Castañeda-Moya et al, 2010).  
To aid the success of the Everglades restoration project, we need to predict how 
coastal wetlands will respond to future global climate changes, especially on timescales 
of decades to centuries. Therefore a long-term perspective, which can only be acquired 
from a paleoecological study, is necessary to reveal the response of mangrove 
ecosystems to past climate changes and sea-level fluctuations. However, no 
palynological records older than 5,000 cal yr BP are available in the literature from the 
coastal Everglades. We aim to fill this gap by presenting a 5,700 years multi-proxy 
record from 4 coring sites on a 20 km transect along the Shark River Estuary (SRE) in 
the southwestern part of the Everglades National Park (ENP). This study will integrate 
palynology and paleotempestology to reveal the history of coastal wetland 
development since the mid-Holocene and record the long-term response of coastal 
mangrove communities to sea-level rise and recurrent hurricanes in the ENP. Such a 
long-term study is vital for the restoration of Everglades’ mangrove ecosystems and 
helping to expand our knowledge of the relationships between modern pollen rain and 
vegetation in the mangrove ecosystems. This study will also fill an important data gap 
3 
 
in the paleotempestology data network between the Gulf of Mexico coast and the 
Atlantic coast of the U.S. by recording the paleohurricane activities for South Florida. 
 Chapter 2 reviews the pollen and associated paleoecological records of 
mangrove-dominant environments from 24 study sites in the western North Atlantic 
(WNA). Study areas include the Caribbean basin, Bermuda, and South Florida. A 
variety of proxy data including pollen, marine microfossils, microscopic charcoal, 
mangrove peat stratigraphy, and chemical and isotopic records are examined, with a 
particular focus on the establishment and expansion of Rhizophora sp. 
Chapter 3 examines 18 surface pollen samples from a 20 km transect along the 
SRE and 7 samples from 3 major wetland sub-environments (wet prairie, pine 
savanna, and cypress forest) in the ENP. The objective is to establish the spatial and 
statistical relationships between surface pollen assemblages and local vegetation, and 
reveal the chemical characteristics of the surface soil in different wetland 
environments by using X-ray fluorescence (XRF) analysis.  
Chapter 4 presents core SRM, which is retrieved from the mouth of the SRE and 
contains an estimated 5,700 years of palynological history. The objectives of this 
chapter are to document the formation of freshwater wetlands, to demonstrate how they 
have changed over time, to explore their transition to mangrove swamp, and to identify 
the timing of these important transitions during the mid to late Holocene. 
Chapter 5 evaluates the distinctive carbonate-rich clastic layer left by Hurricane 
Wilma (2005). The primary goal is to identify the sedimentary signature of Hurricane  
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Wilma by multi-proxy analyses (loss-on-ignition, XRF, pollen), and use this storm as a 
modern analog to identify other paleohurricane events in the sedimentary record. 
Chapter 6 presents palynological, XRF, and loss-on-ignition data of all 4 cores 
retrieved from a 20 km transect along the Shark River Estuary. The objective is to 
document evolution of the Shark River Estuary from the mid-Holocene and the 
millennial-scale vegetation dynamics driven by climatic changes and allogenic forcing 
in the Everglades. 
Finally, Chapter 7 summarizes the main discoveries and hypotheses generated 
from this dissertation and identify questions that need to be answered in future 
studies. 
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CHAPTER 2. MID-HOLOCENE MANGROVE DEVELOPMENT ACROSS 
THE WESTERN NORTH ATLANTIC: A REVIEW OF POLLEN AND 
ASSOCIATED PALEOECOLOGICAL RECORDS 
Introduction 
Mangroves are salt-tolerant trees capable of forming unique intertidal forests along 
the tropical/subtropical coasts. Mangrove forests are extremely productive, second only 
to coral reefs (Duarte and Cebrian 1996). Mangrove swamps also provide essential 
ecological services to coastal ecosystems and society by providing habitats for other 
biota (Cannicci et al., 2008; Bouillon et al., 2004; Kristensen et al., 2008; Nagelkerken 
et al., 2008) and offering shoreline protection against storm surges, tsunamis, waves, 
and erosion (Badolaand Hussain, 2005; Barbier et al., 2008; Dahdouh-Guebas et al., 
2005; Kaplan et al., 2009; Olwig et al., 2007). Because of their unique morphological 
and ecophysiological features, the distribution and development history of mangroves 
provide important insights into past climate and sea-level changes (Alongi, 2002; 
Ellison, 2008).  
Due to the stabilization of sea level and the development of modern shorelines 
(Scholl et al., 1969; Gleason and Stone, 1994, Digerfeldt and Hendry 1987; 
Torrescano and Islebe, 2006), the mid-Holocene is the most important period for 
mangrove development along the western North Atlantic (WNA), one of the world’s 
largest and most productive mangrove habitats (Giri et al., 2011; McKee et al., 2007). 
However, few studies have documented the long-term development of mangroves and 
the timing and factors controlling the establishment and expansion of mangroves in 
this region during the early to mid-Holocene. Such studies are very important due to 
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the sensitivity of mangroves to extreme temperature fluctuations, and their use as 
sea-level indicators (Ellison, 2008; Alongi, 2008). 
Palynological data provide detailed records of long-term coastal vegetation 
changes (Chappell and Grindrod, 1985; Liu et al., 2008; Willard and Bernhardt, 2011). 
Anaerobic conditions in mangrove sediment allow the long-term preservation of fossil 
pollen, hence, the combination of fossil pollen analysis and radiocarbon dating 
provides accurate records of mangrove and sea-level history. 
This chapter reviews the paleoecological records of mangrove-dominant habitats 
from 24 study sites in the WNA (Fig. 1, Table 1), with particular emphasis on the 
developmental history of Rhizophora. Study areas include the Caribbean basin, 
Bermuda, and South Florida. A variety of proxy data including pollen, marine 
microfossils, microscopic charcoal, mangrove peat stratigraphy, and chemical and 
isotopic records are examined. These published palynological and associated records 
provide abundant geographic information in regards to mangroves in the WNA. The 
purpose of this review is to (1) summarize the history of sea-level rise (SLR) and 
climate changes in the WNA; (2) document the spatial and chronological patterns of 
the establishment and expansion of Rhizophora; (3) identify the factors controlling the 
development of Rhizophora in this region; and (4) identify the response of 
Rhizophora to regional climatic changes from the pollen records. It should be noted 
that the paucity of accurate chronologies has limited our ability to document the 
timing of mangrove development at some specific sites. 
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Regional climate and sea-level history during the Holocene 
 Climate 
Due to the lack of suitable sites for palynological and paleolimnological studies, 
the number of long-term Caribbean environmental records for the Holocene is limited 
(Higuera-Gundy et al., 1999). In general, the climate in the Caribbean basin is humid 
during the early to mid-Holocene, followed by a drier climate to the present. Oxygen 
isotopic and pollen records from Lake Miragoane in southern Haiti show increased 
humidity from 8,000 to 3,200 cal yr BP (Hodell et al., 1991), supported by a pollen 
study from the same site showing a shift from a shrubby community between 10,000 
to 7,000 
14
C yr BP to a moist forest between 7,000 to 3,200 
14
C yr BP 
(Higuera-Gundy et al., 1999). A study from the Mexican-Belizean border area also 
suggests a more humid climate than present at 5,000 cal yr BP (Torrescano and Islebe, 
2006). After 3,200 cal yr BP, precipitation levels generally decreased with widespread 
evidence of drier conditions across the Caribbean basin (Hodell et al., 1991; Gleason 
and Stone, 1994; Kjellmark, 1996). A pollen record documenting a shift from 
Rhizophora-dominant to Avicennia-dominant stands along the Caribbean coast of 
Colombia suggests drier conditions between ~2,850 - 2,450 cal yr BP (Urrego et al., 
2013), while a study from Quintana Roo, Mexico reveals drier climate since 1,500 cal 
yr BP (Islebe and Sanchez, 2002). A pollen record from the northern Yucatan 
showing the replacement of Rhizophora by Conocarpus indicates reduced 
precipitation from 3,500 to 1,000 cal yr BP (Aragón-Moreno et al., 2012). The severe 
droughts associated with the collapse of the ancient Maya civilization ~1,000 cal yr 
BP are another indication of increasing aridity during the late Holocene, and these 
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episodes of drought mark the transition to present climate conditions in the Caribbean 
basin (Islebe and Sanchez, 2002; Torrescano and Islebe, 2006). 
The paleoenvironmental records from southern Florida show a different 
precipitation history, with several studies revealing a stepwise increase in 
precipitation over the past 5,000 years. High-resolution pollen analyses record a shift 
from a drier Quercus-dominant system to a wetter Pinus-dominant system in many 
sites in Florida during the middle Holocene (Grimm et al., 1993; Watts and Stuiver, 
1980; Donders et al., 2005). Similar precipitation changes have been documented for 
southern Alabama (Delcourt, 1980) and southern Georgia (Watts, 1971). Donders et 
al. (2005) suggest that the intensification of El Niño-Southern Oscillation (ENSO) 
after 3500 cal yr BP increases the water availability in south Florida and marks the 
onset of modern-day precipitation patterns. This conclusion is supported by our pollen 
records from the Shark River Estuary showing that short-hydroperiod prairies were 
replaced by long-hydroperiod prairies between 3,500 to 1,100 cal yr BP (Chapter 4, 
6). However, the increased precipitation after the mid-Holocene is not reflected in the 
X-ray fluorescence (XRF) record from Charlotte Harbor, FL (van Soelen et al., 2012), 
which shows a maximum in precipitation and runoff around 5,000 cal yr BP followed 
by a decrease in precipitation. 
 Sea-level 
Sea-level curves are generally very similar across the WNA from mid-to-late 
Holocene (Toscano and Macintyre, 2003). Sea-level curves from Florida and 
Bermuda (Wanless et al., 1994), Jamacia (Digerfeldt and Hendry, 1987), eastern 
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Venezuela (Rull et al., 1999), and Trinidad (Ramcharan, 2004) all show a rapid rate of 
sea-level rise (>5 mm/yr) between 8,000 and 5,500 cal yr BP, a moderate rate (2.3 
mm/yr) from 55,00 to 4,000 cal yr BP, and a slow rate after ~3,000–2,500 cal yr BP 
(0.4 mm/yr), at which time sea-level began to stabilizes across the WNA (Scholl et al., 
1969; Wanless et al., 1994; Ross et al., 2009; Rull et al., 1999; Behling et al., 2001). 
This mid-to-late Holocene sea-level history can also be observed in pollen histories 
from across the entire Caribbean (Ramcharan, 2004 and 2005; Ramcharan and 
McAndrews, 2006; Peros et al., 2007; Urrego et al., 2013) and South Florida (Yao et 
al., 2015), primarily associated with the establishment and expansion of mangrove 
species (Rhizophora in particular), because Rhizophora generally grow between mean 
sea-level and mean high water, and their sedimentary records are commonly utilized 
as a sea-level indicator (Ellison, 2008). 
Mangrove ecology 
 Mangroves in the WNA occur across a wide range of sedimentary environments, 
from alluvial habitats with abundant mineral input to oceanic mangroves rooted in 
their own peat (McKee et al., 2007). In the WNA, mangroves typically occupy the 
inter-tidal zone in the tropical and subtropical regions below the ~28° N latitude 
(Smithsonian Marine Station), with their distribution limited by the 20° C isotherm 
for winter sea surface temperature (SST) (Alongi, 2008). These mangrove forests 
typically consist of three true tree mangrove species: Rhizophora mangle (red 
mangrove), Avicennia germinans (black mangrove), and Laguncularia racemosa 
(white mangrove), as well as Conocarpus erectus (buttonwood), a mangrove associate 
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(Urrego et al., 2010). Dense mangrove forests occupy >1 million ha from Bermuda 
through the Caribbean coast of South America (FAO, 2003; Simard et al., 2006). 
 The wind-pollinated Rhizophora is the most prolific pollen producer among the 
mangrove species in the region (Behling et al., 2001). Being insect-pollinated, 
Avicennia, Laguncularia, and Conocarpus are usually underrepresented in pollen 
records (Urrego et al., 2010). Rhizophora has unique aerial roots which allow them to 
colonize sites with unstable substrate and direct tidal influence (Hogarth, 2007). 
Avicennia typically colonize highly saline environments, with Laguncularia and 
Conocarpus generally occurring in slightly fresher environments (Hogarth, 2007). 
Propagules of Rhizophora and Avicennia can float in seawater for more than 100 days 
and produce roots after 40 days (Ellison, 1996). These results indicate that ocean 
currents (especially the Loop Current and Gulf Stream) can function as a viable 
distribution system for Rhizophora and Avicennia. 
Interpretation of the mangrove pollen records 
 The analysis of mangrove pollen has been an essential element in coastal 
environmental reconstructions throughout the tropics. By common usage, due to its 
prolific production of pollen, Rhizophora percentages of >50% in total pollen 
assemblages are accepted as indicating Rhizophora dominant pure mangrove stands, 
while percentages of < 50% indicate sites adjacent to Rhizophora stands (Chappell 
and Grindrod, 1985; Woodroffe et al., 1985; Behling et al., 2001). Due to the poor 
representation of Avicennia and Laguncularia, percentages of 2 to 5% of these taxa in 
total pollen sum have been interpreted to represent Avicennia and Laguncularia 
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dominant mangrove forests (Behling et al., 2001; Urrego et al., 2009, 2010). In 
addition, some studies have reported large mortality of Rhizophora caused by winds 
and storm surges generated by hurricanes because Rhizophora cannot resprout.  
 Due to their tolerance of high salinity, high percentage of Avicennia pollen 
typically reflects saline environments (Urrego et al., 2010). A sudden increase of 
Avicennia in pollen percentages has also been suggested as resulting from droughts 
and plagues (González et al., 2010). Unlike Rhizophora, Avicennia and Laguncularia 
have been shown to recover rapidly after massive defoliation due to their resprouting 
capability (Smith et al., 1994; Baldwin et al, 1995, 2001; Thaxton et al, 2007). They 
have been reported as pioneer colonizers in gap openings created by hurricanes 
(Benfield et al., 2005; Hogarth, 2007). Therefore, increased percentages of Avicennia 
and Laguncularia pollens often indicate changes caused by hurricanes and other 
disturbances (Medina et al., 1990; Urrego et al., 2013). Replacement of Rhizophora by 
Conocarpus has likewise been suggested as resulting from disturbances such as 
hurricanes and droughts (Islebe and Sanchez, 2002; Aragón-Moreno et al., 2012). 
Proxy records from the western North Atlantic 
 Early palynological records identify Rhizophora as the first mangroves to occur 
in the WNA, with an earliest appearance in the upper Eocene, and reaching high 
percentages in the Miocene (Germeraad et al., 1968). Rhizophora occurrences are 
recorded for the Oligocene in Puerto Rico (Graham, 1995) and for the Oligo-Miocene 
in Mexico (Langenheim et al., 1967). Avicennia made its first appearance in the 
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Figure 1. A map including all the study sites reviewed in this paper. See Table 1 for 
more details of each site. 
 
region during the late Miocene (Graham, 1995). During the early Holocene, 
mangroves were rapidly established and drowned in coastal areas of the 
Caribbean due to the rapid sea-level rise (Purdy et al., 1975; Ebanks, 1975; Halley et 
al., 1977; Macintyre et al., 1995). During the mid-Holocene when the rate of SLR 
slowed appreciably, mangroves recolonized the Caribbean coasts, as modern 
shorelines were formed (Scholl et al., 1969, Gleason and Stone, 1994, Digerfeldt and 
Hendry 1987; Torrescano and Islebe, 2006). 
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Table 1. Letters in the first column correspond with the study sites in Figure 1. The ages for the establishment of mangroves are presented as 
calibrated years before present (cal yr BP). Asterisk (*) indicates that the pollen threshold of establishment of Rhizophora is 5%.  
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 The Caribbean Coast of South America 
 Several pollen records exist for the Caribbean Coast of South America. A study from 
Playa Medina, Venezuela, uses pollen analysis, anatomical analysis of wood, and radiocarbon 
dating to document the occurrence of mangroves in the Caribbean in the Holocene (Rull et al., 
1999). Very significant levels of Rhizophora and Avicennia (33% and 18% respectively) 
were found in a peat layer 920 cm below the present sea level and dated at ~ 7,800 cal yr BP. 
This is the earliest occurrence of mangroves on the Caribbean coast of South America. 
However, this mangrove peat layer is buried by sand and clay. Therefore the evidence does 
not support the continuous establishment of the mangroves at the site throughout the 
Holocene. 
 The earliest continuous Rhizophora pollen record is found in a 980 cm long sediment 
core from Maracas Swamp, Trinidad, which dated back to 6,700 cal yr BP (Ramcharan and 
McAndrews, 2006). Rhizophora is the dominant taxa in pollen record from 6,700 cal yr BP, 
thereby indicating continuous presence of an in situ Rhizophora stand at the site. Another 
core from Trinidad reveals the displacement of terrestrial flora by Rhizophora in the Nariva 
swamps at 6,000 cal yr BP with a significant Rhizophora expansion at 4,700 cal yr BP 
followed by a substantial decline at 4,000 cal yr BP (Ramcharan, 2004). Both pollen records 
from Trinidad show replacement of Rhizophora by freshwater marsh species from ~1,500 cal 
yr BP. Rhizophora was gradually replaced by Cyperaceae and Polypodium at Maracas 
Swamp, and replaced by Cyperaceae and Gramineae at Nariva swamps.   
 Urrego et al. (2013) present palynological data from Navío Quebrado elucidating the 
development of mangrove forests along the Caribbean coast of Colombia (Fig. 2). Their 
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high-resolution pollen record indicates that accelerated sea-level rise favored the colonization 
of Rhizophora at the coastal lagoons at ~ 6,280 cal yr BP. Between 6,280 and 3,840 cal yr BP, 
a salt marsh environment fringed by sparse mangrove forests were developed at the study site, 
as evidenced by high percentages of Poaceae and Cyperaceae and low proportions of 
mangrove pollen. The period between 3840 and 2,000 cal yr BP is characterized by marine 
still-stand and the expansion of the mangrove species (Laguncularia and Rhizophora). 
During this period, Rhizophora became the dominant vegetation at the Navío Quebrado, 
except for the period between 2,850 and 2,450 cal yr BP, when Rhizophora was replaced by 
Avicennia, Cyperaceae, and forest taxa. After 2,000 cal yr BP, mangroves declined in spite of 
stable sea-level (Toscano and Macintyre, 2003), probably due to the extreme seasonality and 
regional drought associated with the Medieval Warm Period (MWP) (Haug et al., 2001; 
Hodell et al., 2001). Toscano and Macintyre (2003) suggest that although the establishment 
of mangroves was influenced by many factors (high air temperatures, tidal and fresh water 
input, salinity, geomorphological setting, soil type, and nutrient and light availability), 
stabilization of the SL around 3,000–2,500 cal yr BP plays the most important role in the 
expansion of the mangroves in the Caribbean coast of Colombia. 
 The occurrence of large tropical storms can sometimes be inferred from palynological 
studies conducted in mangrove-dominant areas. Ramcharan (2005) suggests that a strong 
storm at ~600-700 cal yr BP caused the abrupt and permanent replacement of a 
Rhizophora-dominant coastal forest in Barbados by weedy flora. Gonzalez et al. (2010) 
identifies a catastrophic storm at ~350 cal yr BP as removing ~2000 years of deposition at the 
base of the core from San Andres Island. This event coincides with the pollen-barren interval 
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in a layer of organic matter mixed with gravels. Their pollen diagram also suggests that 
mangrove forests already existed before 2,500 cal yr BP. However, it is worth noting that the 
possible reworking at the bottom of the core caused by the storm makes it difficult to 
interpret the basal radiocarbon date. 
 The Caribbean coast of Central America 
 Pollen records from Twin Cays along the inner shelf of Belize indicate that mangroves 
are established there during the early-Holocene, much earlier than other locations in the 
WNA (Wooller et al., 2004, 2007; Macintyre et al., 2004; Monacci et al., 2009). Pollen and 
isotopic analyses by Wooller et al. (2004) indicate that tall Rhizophora stands mixed with 
Avicennia and Laguncularia were already established at Twin Cays, Belize from over 9,000 
cal yr BP (Fig. 2). They suggest that a marked increase of Myrsine at ~6,300 cal yr BP was 
resulted from a disturbance event (possibly hurricane or fire), while attributing the second 
increase in Myrsine and Avicennia from 2,500 to 1,000 cal yr BP to a drop in sea-level. A low 
peat accumulation rate suggests that scrub Rhizophora is the dominant taxa at the site from 
4040 cal yr BP to the present, possibly due to phosphorus limitation associated with a 
decrease in the rate of sea-level rise after 5,000 cal yr BP. Another study from Twin Cays, 
Belize presents a similar mangrove history. Rhizophora has been the dominant taxa at the site 
since 8,100 cal yr BP, apart for the period from 6,300 to 3,500 cal yr BP, which is a marked 
by an increase in Myrsine and Avicennia (Wooller et al., 2007). These results agree with an 
earlier study by Macintyre et al. (2004), whose sedimentary record, based on 19 vibracores 
collected along two transects across Twin Cays, shows that mangrove communities were 
established at ~8000 years ago. Although this record indicates that mangroves were drowned 
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and covered by lagoonal sand at several locations, in most areas mangrove communities kept 
pace with sea level. The authors state that radiocarbon dates of peat and sediment from this 
study are in agreement with the most commonly used sea-level curve for WNA (Toscano and 
Macintyre, 2003). 
 Monacci et al. (2009) presents a pollen and isotopic study from Spanish Lookout Cay, 
Belize. Their radiocarbon chronology shows that Rhizophora has been the dominant taxa at 
the site since 8,000 cal yr BP, although Avicennia and Laguncularia were also present. Their 
pollen record also indicates a decrease of Rhizophora and an increase of non-halophytic 
plants (Myrsine, Amaranthaceae) between 3,600 and 600 cal yr BP, similar to Wooller et al.’s 
(2004, 2007) record from Twin Cays. All of these studies attribute this change to a less-saline 
environment resulting from increased freshwater input. In general, studies from Twin Cays 
and Spanish Lookout Cay, Belize, show similar Holocene sea-level and vegetation history, 
and document that mangroves became established on Belizean cays inside the barrier reef 
much earlier than in other locations within the Caribbean basin. 
 McCloskey and Liu (2012) present a proxy record from Bluefields Bay that reveals the 
history of paleoecological changes and hurricane strikes for the southern Caribbean coast of 
Nicaragua. Their pollen record suggests that a thick Rhizophora-dominant fringing mangrove 
forest developed at ~5,000 cal yr BP and expanded at 3,000 cal yr BP when the site became a 
shallow marine lagoon. From ~2,200 to 1,000 cal yr BP, mangroves were replaced by less 
halophytic species such as Morella and palms, probably representing the development of a 
backbarrier swamp surrounded by bushes and tropical forests. The results indicate that the 
deposition of in situ peat has kept pace with SLR since 3,000 cal yr BP. Their record is 
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consistent with the timing of the sea-level stabilization in the Caribbean basin (Rull et al., 
1999; Behling et al., 2001). 
 Several pollen studies investigating Holocene sea-level and climate changes have been 
produced from the Yucatan peninsula of Mexico (Islebe and Sanchez, 2002; Torrescano and 
Islebe, 2006; Aragón-Moreno et al., 2012). A pollen study from El Palmar (Fig. 2), Mexico 
reconstructs the environmental history of the mangrove and tropical forests for the last 5000 
years (Torrescano and Islebe, 2006). Conocarpus and Rhizophora became the dominant 
species at 4,600 cal yr BP due to the seasonal flooding of the Rio Hondo River, which 
deposited saline sediments due to higher sea level. By ~3,800 cal yr BP, the pollen 
assemblage resembles the present vegetation with Conocarpus as the dominant mangrove 
species. Islebe and Sanchez (2002) present a pollen record from Quintana Roo, on the 
Caribbean coast of Mexico, which shows that Rhizophora has been the dominant taxa at the 
coastline from at least 2,500 cal yr BP until ~500 cal yr BP when Conocarpus began to be the 
dominant taxa. During the period between 1,400 and 1,000 cal yr BP, Rhizophora 
disappeared and was replaced by Conocarpus and secondary forest communities 
(Apocynaceae, Moraceae, Ulmaceae, Hedyosmum, and Poaceae). Because Rhizophora pollen 
is > 70% of the total pollen sum at the very bottom of the core, it is reasonable to assume that 
Rhizophora became established earlier than 2,500 cal yr BP. 
 A fossil pollen record from the northern Yucatan Peninsula documents climate and 
vegetation changes over the past 3800 years (Aragón-Moreno et al., 2012). Rhizophora is the 
dominant mangrove species between 3,800 and 3,450 cal yr BP, suggesting high precipitation 
and salinity in flooded areas (Hogarth, 2010). Conocarpus gradually replaces Rhizophora 
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after 3,460 cal yr BP. The pollen record shows a couple of fluctuations between Conocarpus 
and Rhizophora from 1,720 cal yr BP, interpreted as resulting from humidity changes. The 
authors state that the replacement of Rhizophora by Conocarpus, which commonly occurs in 
inland habitats, suggests a drier climate; and this shift in vegetation composition at the late 
Holocene suggests a trend toward a dryer climate, marking the transition to present 
conditions in the Yucatan (Aragón-Moreno et al., 2012). 
 The Greater Antilles 
 Two mangrove macrofossil records from Jamaica suggest the initiation of mangrove 
forests at ~7,500 and ~6,500 cal yr BP (Digerfeldt and Hendry, 1987). However, as the study 
is based on the identification of peat types and the microscopic analysis of rootlets, the 
composition of the mangrove forest cannot be determined at either site. Both study sites are 
Rhizophora and Conocarpus-codominant at the present time. A study from the Cayman 
Island using similar methods finds 3 m of mangrove peat, deposited at least 3000 years ago, 
under a seagrass bed presently 4 m below the mean sea-level (MSL) (Ellison, 2008).The 
author interprets this peat layer as a landward mangrove zone that became submerged under 
the rapid SLR. It is worth noting that neither studies show solid evidence to support 
continuous occurrence of mangroves at the study sites. 
 Peros et al. (2007) applied loss-on-ignition, pollen, calcareous microfossil, and plant 
macrofossil analyses on cores taken from Laguna de la Leche to determine the ecological and 
hydrological changes in the coastal area of northern Cuba. This multi-proxy record shows 
that a shallow lake is formed in the basin ~6,200 cal yr BP due to SLR-driven elevation 
increase of the aquifer. Pollen analysis suggests that mangrove became established at ~5,000 
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cal yr BP and a large-scale expansion of Rhizophora started from 1,700 cal yr BP (Fig. 3). 
Evidence of this late-Holocene mangrove expansion has been found in multiple coring sites 
from Laguna de la Leche. Their study concludes that SLR is the dominant cause of the 
development of mangroves during the mid-Holocene on the northern coast of central Cuba 
and the southeastern United States. 
 South Florida and Bermuda 
 The earliest evidence of mangroves in Florida occurs in a pollen record from Tampa Bay, 
FL (van Soelen et al., 2010). Rhizophora pollen is found at 7,500 cal yr BP, but the 
percentages are consistently low (≤5 %) throughout the record. Because Rhizophora is a very 
prolific pollen producer (Behling et al., 2001), such low percentage possibly indicates a 
non-local, water-transported origin. The oldest definitive evidence of mangrove peat is dated 
at 2,900 to 3,600 cal yr BP from southwest Florida (Scholl et al., 1969; Parkinson, 1989). 
These sedimentary records suggest that the coastal mangrove forests began keeping pace with 
rising sea level only during the last 3000 years, during which time sea level has risen only 
slightly > 1 m. The authors conclude that that shoreline stabilization and establishment of 
mangroves started about 3,500 cal yr BP (Scholl et al., 1969; Parkinson, 1989).   
 Chapter 4 and 6 show multi-proxy record from the Shark River Estuary, FL, which uses 
XRF, loss-on-ignition, and pollen analyses to investigate the development of coastal wetlands 
in southwest Florida over the past 5700 years. My record indicates that mangroves appeared 
at the mouth of the Shark River Estuary since ~3,800 cal yr BP, and became fully established 
at 1,150 cal yr BP. These data suggest that the timing of shoreline stabilization and formation 
of mangrove forest in southwest Florida may have been significantly younger than has been 
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previously proposed for this area. It is worth noting that during the period between ~ 2,000 to 
1,300 cal yr BP, abundance of Pinus and Morella increases in the pollen assemblage. Pollen 
record from a more recent study shows that Rhizophora first appeared at Tarpon Bay, FL (20 
km inland from the mouth of the Shark River Estuary), from ~2,200 cal yr BP (Willard and 
Bernhardt, 2011). Rhizophora disappeared and replaced by Morella from 1,600 to 1,200 cal 
yr BP, and became the dominant species from 1,200 cal yr BP. 
 At 32° N, Bermuda hosts the most northernmost mangrove communities location in the 
world, owing to its subtropical climate associated with the warm Gulf Stream that passes to 
the west and north (Ellison, 1993). Pollen records show that mangroves appears as early as 
3,000 cal yr BP in Mangrove Lake, and at ~ 2,100 cal yr BP at Hungry Bay, the largest 
mangrove area in Bermuda (Ellison, 1993, 1996). Only Rhizophora is found in the records 
with no records of Avicennia and Laguncularia ever being present in Bermuda (Watts and 
Hansen, 1986; Ellison, 1996). These studies are consistent with records from Florida, where 
expansive mangroves were not present until after 3,500 cal yr BP (Scholl et al., 1969; Yao et 
al., 2015).  
Methods 
This chapter concentrates on the last nine millennia (calibrated), for which a reasonable 
amount of high-quality data are available. The data used consist of 16 pollen diagrams and 8 
macrofossil records ranging from 10° 42' 36"N to 32° 19' 48"N (Table 1). Ages referred in 
this paper are reported as calibrated years before present (cal yr BP). The Rhizophora 
percentage curves from each pollen diagram and the Rhizophora macrofossil records have 
been digitized and complied (Fig. 2). All the Rhizophora profiles in Figure 2 are presented 
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with age as the Y-axis. Rhizophora profiles originally presented in this format are used 
unchanged. For profiles originally presented with depth as the Y-axis, a comprehensive core 
chronology is calculated on the assumption of constant sedimentation rates between the dated 
samples. For profiles for which only 
14
C dates are given, dates are calibrated using CALIB 
7.0 and the associated dataset by Stuiver et al., (2010), and a chronology is developed based 
on the assumption of a constant sedimentation rate between dates. Based on the compiled 
pollen record, maps are made to show the migration of Rhizophora during Holocene (Fig. 3). 
Synthesis 
 Factors controlling the expansion of Rhizophora 
 Among the 24 reviewed records (Fig.2, Table 1), 16 are pollen records showing 
continuous presence of Rhizophora pollen of >5%. Five studies contain mangrove peat with 
identified Rhizophora macrofossils at some point in the stratigraphy. Three studies have 
macrofossil records supporting the continuous presence of Rhizophora. We define the 
establishment of Rhizophora as when continuous presence of this mangrove species started to 
occur in pollen or macrofossil records. The threshold of 5% pollen is used to mark the 
beginning of Rhizophora establishment at each site (Fig. 3). 
 Among all the mangrove records reviewed in this paper, the earliest establishment of 
Rhizophora occurred in Belize from more than 8,000 cal yr BP (Fig. 2). During the early 
Holocene, mangrove communities rapidly colonized the WNA and then were flooded due to 
the rising sea-level (Purdy et al., 1975; Ebanks, 1975; Halley et al., 1977; Macintyre et al., 
1995). However, Rhizophora communities managed to keep pace with the rapid early 
Holocene sea-level rise and formed thick accumulations of peat on the underlying Pleistocene
25 
 
 
Figure 2. Pollen (%) and macrofossil records of Rhizophora compiled from 24 studies summarized in Table 1. Red stars represent macrofossil 
evidence showing establishment of Rhizophora from the marked time to present. White stars represent occurrence of Rhizophora only at the 
marked time during the Holocene. The arrows point to the temporary recession of Rhizophora during the late Holocene. 
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limestone in the south-central area of the Belize Barrier Reef Platform, particularly at Twin 
Cays (Macintyre et al., 1995). A combination of factors contributed to this anomaly. The 
most important factor is that hydrological conditions on Twin Cays resulted in very slow 
decomposition as the flooded, anaerobic conditions prevented the microbial community from 
decomposing refractory root tissues underground (Middleton and McKee, 2001). As a result, 
mangroves at Twin Cays have very high rates of below ground accumulation, which 
contributed substantially to surface elevation of the Belize Barrier Reef Platform and 
permitted mangrove peat to keep up with the rapid sea-level rise (3 mm/yr) during the early 
Holocene (Toscano and Macintyre, 2003; McKee et al., 2007). Additionally, the geological 
setting in the south-central area of the Belize Barrier Reef Platform might be in favor of 
mangroves to survive strong storm surges that played an important role on regulating the 
growth of the mangroves. Intense storms can cause massive mangrove mortality, due to 
mechanical damage, environmental stresses, the erosion of the supporting substrate, and peat 
collapse (Smith et al., 1994, 2009; Sherman and Fahey, 2001; Woodroffe and Grime, 1999; 
Cahoon et al., 2003, 2006; Piou et al., 2006). The damage can be especially severe to 
Rhizophora forests, which are incapable of resprouting after defoliation by storms (Baldwin 
et al, 1995, 2001; Thaxton et al, 2007). At Twin Cays, an extensive offshore barrier reef 
shelters the low-lying coastline and attenuates the storm surge (Macintyre et al., 2004; 
McIvor et al., 2013). Therefore, these site-specific conditions may have increased the 
survivability of Rhizophora in the south-central area of the Belize Barrier Reef Platform 
during the early Holocene. 
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 Figure 2 shows that the earliest records of continuous Rhizophora communities 
on the Caribbean Coast of South America are from Maracas Swamp, Trinidad (>6,700 
cal yr BP), Nariva Swamp, Trinidad (>6,000 cal yr BP), and Navío Quebrado, 
Colombia (>6000 cal yr BP) (Ramcharan, 2004; Ramcharan and McAndrews, 2006; 
Urrego et al., 2013). By 5,000 cal yr BP, Rhizophora has settled at sites from below 
11° N to at least 18° N at El Palmar, Mexico, just a couple hundred kilometers north 
of Twin Cays, Belize (Fig. 3) (Torrescano and Islebe, 2006; McCloskey and Liu, 2012). 
A relatively rapid migration of Rhizophora occurs from 5,000 to 3,000 cal yr BP (Fig. 
2, 3). Pollen records (Fig. 2, 3) suggest that Rhizophora communities established in 
both Cuba and the Cayman Islands around 4,000 cal yr BP (Peros et al, 2007; Ellison, 
2008); in northern Yucatan, Mexico (Aragón-Moreno et al., 2012), Ten Thousands 
Islands (Parkinson, 1989), and Shark River Estuary, Everglades (Chapter 4, 6) around 
3,500 cal yr BP; and Bermuda (32° 20’ N), the most northerly mangroves in the world, 
around 3000 cal yr BP (Ellison, 1993). During the next 1500 years, Rhizophora 
rapidly colonized the coastlines of the Yucatan Peninsula and South Florida (Islebe 
and Sanchez, 2002; Willard and Bernhardt, 2011). 
 Although many site-specific factors such as local sediment supply, salinity, and 
nutrient and light availability have been shown to influence the growth rate of 
mangroves (Krauss etal., 2008), the rate of SLR is generally considered the most 
important control over the establishment and expansion of mangroves in the WNA 
during the Holocene (Urrego et al., 2013; Peros et al., 2007). If the rate of mangrove 
peat accumulation can match the rate of SLR, then mangroves can continuously 
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colonize the coastal area and develop a pure-stand mangrove community (McKee et 
al., 2007). Since sea-level records across the WNA region show similar histories 
(Toscano and Macintyre, 2003; Rull, 1999; Ramcharan, 2004; Milneet al., 2005; 
Carvalho do Amaral et al., 2006), one would expect the colonization of Rhizophora to 
be synchronized at a regional scale. However, our complied mangrove record suggests 
a slow, progressive south-to-north migration of Rhizophora from the southern edges 
of the Caribbean Basin toward the Gulf Coast, spanning thousands of years (Fig. 3). 
Although the oldest in situ mangrove forest formed before 8,000 cal yr BP, it took 
4000 years for mangroves to reach the northern edge of the Caribbean Basin and 
Florida (Fig. 2). It is likely that the rate of sea-level rise is not the only major factor 
controlling the establishment and expansion of Rhizophora.  
 Studies have shown that the global distribution of mangroves is related to winter 
seawater temperature (Alongi, 2002, 2008). Mangroves prevail in locations with mild 
winters. Severe freezes can defoliate mangroves and suppress their reproduction, 
especially the more cold-intolerant Rhizophora (Stevens et al., 2006). Thus, the 
latitudinal limits of mangroves are determined primarily by winter temperatures 
(Kangas and Lugo, 1990). Across the WNA, increases in average temperature, 
especially the winter sea surface temperature (SST), is a hallmark of the Holocene 
(Lorenz et al., 2006; Leduc et al., 2010). Therefore, we hypothesize that a northern 
migration in threshold winter SST is another major factor controlling the expansion of 
Rhizophora during the Holocene in this region. 
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Figure 3. Map showing the expansion of Rhizophora. Black dots represent sites where 
Rhizophora established prior to 5,000 yr BP. Red dots represent sites where 
Rhizophora established after and around 3,500 yr BP. The site labels are tied to Table 
1. The blue curves represent the course and direction of the Gulf Stream, Caribbean 
Current, and Loop Current. The winter (December–February) average sea-surface 
temperature (SST) gradient of the corresponding latitude is showing at the right side. 
(METED, http://www.meted.ucar.edu/oceans/gulfmexico_carib/print_2.php) 
 
 Although the Holocene has been marked by relatively minor climate changes 
(Mayewski et al., 2004), paleotemperature reconstructions clearly show a significant 
long-term increase of boreal winter insolation during the Holocene epoch (Laskar, 
2004; Lorenz et al., 2006; Leduc et al., 2010). As a result of the shift in perihelion 
from September to January, and a decrease in axial tilt from 24.2° to 23.4° during the 
last 7000 years (Milankovitch, 1941; Lorenz et al., 2006), boreal winter insolation has 
increased by ~ 25 W/m
2
 in the tropics (Laskar et al., 2004) (Fig. 4). The effects of 
boreal winter insolation increase have been observed in alkenone-based record, which 
preferentially captures the boreal winter SST (Huybers and Wunsch, 2003; Rimbu et 
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al., 2003). Alkenone-derived SST record from Carioca Basin indicates a significant 
warming of up to 2° C in the WNA during the Holocene (Herbert and Schuffert, 2000, 
Leduc et al., 2010) (Fig. 4). Clearly winter SST are highly variable both spatially and 
temporally across the region. A 13 year winter SST record (1998 to 2011) shows an 3° 
C diffidence between the Caribbean Coast of South America and South Florida (Fig. 3) 
(METED). Therefore, it is likely that the much warmer winter SST allowed 
Rhizophora to establish on the Caribbean coast of South America (7,000-6,000 cal yr 
BP) much earlier than at higher latitudes. The temporal pattern of Rhizophora 
establishment shows a migration from the warmest part of the region (Caribbean coast 
of South America) to the coolest part of the region (South Florida) (Fig. 3). Between 
5,000 and 3,000 cal yr BP, as the increase of boreal winter insolation results in higher 
winter SST across the WNA (Fig. 4) (Lorenz et al., 2006), Rhizophora would have 
been able to establish at higher latitudes, and eventually colonized the coastlines of 
the Yucatan, South Florida, and Bermuda (Fig. 3). The Gulf Stream joins the 
Caribbean Current which transports significant amounts of water into the Gulf of 
Mexico, via the Yucatan Current, and flows to Bermuda through the Straits of Florida 
(Fig. 3). Given the characteristics of the course of these currents and the ability of 
Rhizophora propagules to remain viable during long periods of salt water immersion 
(Ellison, 1996), current-driven transportation from south to north across the Caribbean 
Basin to South Florida seems reasonable during this period. Therefore, we conclude 
that winter SST is a major factor controlling the survival and expansion of Rhizophora 
along WNA during the Holocene. 
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Figure 4. Red curve represents Alkenone-derived Holocene winter SST records of the 
Western North Atlantic from Cariaco Basin (Herbert and Schuffert, 2000). Blue curve 
represents record of Holocene boreal winter insolation changes (Laskar et al., 2004). 
This figure is compiled from Leduc et al., (2010). 
 
 Decline of Rhizophora between 3,000 and 1,000 cal yr BP 
 Among the 16 continuous pollen record reviewed in the Chapter, 6 of them show 
a clear temporary decline of Rhizophora between 3,000 to 1,000 cal yr BP (Fig. 2). 
Pollen record of core Tcc2 from Twin Cays shows that Rhizophora was replaced by 
Myrsine and Avicennia from 2,500 to 1,000 cal yr BP (Wooller et al., 2004). Pollen 
record from Navío Quebrado, Colombia shows that Rhizophora was replaced by 
Avicennia, Cyperaceae, and forest taxa between 2,850 and 2,450 cal yr BP (Urrego et 
al., 2013). Pollen record from Bluefields Bay shows that Rhizophora was replaced by 
less halophytic species such as Morella, Ilex, and palms from ~2,200 to 1,000 cal yr 
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BP (McCloskey and Liu, 2012). Pollen record from Quintana Roo, Mexico shows that 
Rhizophora disappeared and was replaced by Conocarpus and upland taxa between 
1,400 and 1,000 cal yr BP (Islebe and Sanchez, 2002). The pollen record from the 
mouth of the Shark River Estuary shows that during the period between ~ 2,000 to 
1,300 cal yr BP, abundance of Pinus and Morella increases, and Rhizophora decreases 
(Chapter 4 and 6). Finally, the pollen record from Tarpon Bay (20 km inland from 
the mouth of the Shark River Estuary) shows that Rhizophora disappeared and was 
replaced by Morella from 1,600 to 1,200 cal yr BP (Willard and Bernhardt, 2011). 
 The events listed above show some similarities. First, Rhizophora was replaced 
by mainly freshwater communities (e.g., Myrsine, marsh species, Myrica, upland taxa, 
Cornocarpus, Pinus....etc). Second, they increased and became the dominant pollen 
type again after these temporary declines. More importantly, the timelines of these 
events are in line with each other. Based on these observations, it is likely that a 
common factor/driver is behind the temporary declines of Rhizophora across the 
WNA from ~3,000 to 1,000 cal yr BP. One possible explanation is that hurricanes are 
the causative agents for these temporary Rhizophora recessions, because hurricane 
induced replacement of Rhizophora by herbaceous and other mangrove species has 
been reported from studies across the WNA (Smith et al., 1994; Baldwin et al, 1995, 
2001; Thaxton et al, 2007), and the recovery of Rhizophora takes decades to centuries 
(González et al., 2010; Urrego et al., 2010). The most useful proxy for the detection of 
paleohurricane events is proven to be overwash clastic sediment layers preserved in 
sediment cores retrieved from coastal lakes and marshes (Liu and Fearn, 1993, 2000; 
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Donnelly et al., 2001). In the Bluefields Bay record, McCloskey and Liu (2012) 
discovered a distinct clay layer embedded in the peat section when Rhizophora was 
diminished. In the Navío Quebrado record, the period of Rhizophora recession also 
consists of clastic materials that are coarser than other deposits in the core (Urrego et al., 
2013). These patterns are strong evidence in support of the hypothesis of hurricane 
induced Rhizophora recession. Although clastic materials are absent during the other 4 
temporary Rhizophora recessions (Islebe and Sanchez, 2002; Wooller et al., 2004; 
Willard and Bernhardt, 2011, Chapter 4), this hypothesis can still be valid because 
paleohurricane events have been detected in peat cores from mangrove ecosystems 
where allochthonous sediment source is scarce (Chapter 5). More importantly, some 
studies show elevated north Atlantic hurricane activities during the late Holocene (Liu 
and Fearn, 1993, 2000; van Soelen et al., 2012; Lane et al., 2011; Chapter 5). Based 
on these data, it is possible that during 3,000 to 1,000 cal yr BP, frequent hurricane 
strikes changed the composition of the coastal vegetation once was 
Rhizophora-dominant. Although tsunamis are another high-energy source causing 
massive destruction of coastal vegetation and deposition of clastic sediments, they are 
unlikely responsible for these Rhizophora recessions. Tsunami deposits are normally 
much coarser, containing pebbles, rocks, and even boulders due to the powerful waves 
(Goff et al., 2004; Kortekaas and Dawson, 2007), but such sediment types are not 
mentioned in all the mangrove records summarized in this chapter. 
 An alternative hypothesis is that they were caused by a regional dry climate 
between 3,000 and 1,000 cal yr BP. Urrego et al. (2013) stated that low precipitation 
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and minimum alluvial water input was responsible for the decrease of Rhizophora at 
Navío Quebrado, Colombia, between 2,850 and 2,450 cal yr BP. Their hypothesis is 
supported by Islebe and Sanchez (2002) that the decline of Rhizophora at Quintana 
Roo, Mexico, was cause by drought during late Holocene. Their hypothesis is 
supported by evidence of widespread precipitation decrease across the WNA during 
the late Holocene (Hodell et al., 1991; Gleason and Stone, 1994; Kjellmark, 1996; 
Haug et al., 2001). 
 A third hypothesis is that the sea-level at the WNA temporarily dropped during 
the late Holocene. This hypothesis is supported by Wooller et al. (2004). They think 
that a temporarily decreased sea-level is responsible for elevated topography at Twin 
Cays that allowed the replacement of Rhizophora by Myrsine, a shrub that grows in 
terrestrial environments, between 2,500 and 1,000 cal yr BP. During all the temporary 
recessions that we observed (Fig. 2), Rhizophora was replaced by mainly non-tidal 
vegetation communities. It implies a markedly different ecosystem at the time, 
because Rhizophora typically is the dominant taxa at sites with unstable substrate and 
direct tidal influence (Hogarth, 2007). Based on these data, it is possible that the 
sea-level was lower than present during the late Holocene, and the lower sea-level 
resulted in shoreline transgression toward offshore to enable marsh, upland, and other 
mangrove species to occupied coastal areas once was Rhizophora-dominant. 
Conclusion 
 This chapter presented a critical review of 24 paleoecological studies addressing 
the development and expansion of Rhizophora in the WNA. By documenting the 
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regional history of mangrove development, factors controlling these processes during 
the Holocene were formulated. Previous studies have indicated that the establishment 
of mangroves in the region is controlled by the rate of the Holocene sea-level rise 
(Urrego et al., 2013; Peros et al., 2007). However, this hypothesis does not explain the 
lag of 4,000 years in the occurrence of Rhizophora between the South Caribbean 
Basin and Florida (Fig. 2, 3). It is likely that winter SST has acted as an important 
control over the distribution pattern of Rhizophora, as evidenced by the progressive 
migration of Rhizophora from the southern part of the Caribbean Basin toward the 
Gulf Coast, which spanned four thousand years. This gradual expansion were likely 
driven by an increase in the boreal winter insolation of ~25 W/m
2
 in the tropics, 
which increased the winter SST of WNA by ~2°C. With warmer winter SST and 
stable SLR after 3,500 cal yr BP, Rhizophora was able to establish at higher latitudes 
and eventually colonized the coastlines of Yucatan, South Florida, and Bermuda. 
 We also observe that Rhizophora communities across the WNA shown a 
widespread, though spatially and temporally variable, decline from 3,000 to 1,000 cal 
yr BP (Fig. 2). These Rhizophora recessions are possibly caused by a period of 
elevated hurricane activities, dry climate, or a temporary drop in the regional sea-level. 
Further studies using isotopes, geochemistry, or other proxy evidence are needed to 
test these hypotheses. 
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CHAPTER 3. A SURVEY OF MODERN POLLEN AND VEGETATION 
ALONG THE SHARK RIVER ESTUARY IN THE FLORIDA EVERGLADES 
Introduction 
 The Everglades, situated at the southern tip of the Florida peninsula, contain the 
largest freshwater marshes and contiguous mangrove swamp in North America 
(Lodge, 2010). In order to restore the hydrological and environmental conditions of 
the Everglades back to its historical levels, numerous studies are being conducted 
along the Shark River Estuary, the largest freshwater drainage in the Everglades 
National Park (ENP). To understand the long-term ecological processes and 
development of these natural wetlands is an essential step for determining the path of 
the restoration of Everglades. Fossil pollen analysis has been proven to be a very 
useful method for the reconstruction of long term vegetation development and 
paleoecological changes (Chappell and Grindrod, 1985; Liu et al., 2008; Willard and 
Bernhardt, 2011).  
 To produce accurate paleoenvironmental reconstruction with fossil pollen record, 
it is very important to understand how the current vegetation is represented in the 
modern pollen rain of the study areas. In the Everglades National Park, few such 
studies have been conducted. Willard et al. (2001) documented the modern pollen rain 
from eight wetland sub-environments in the Florida Everglades and the results show 
that they have distinctive surface pollen assemblages. Their study also suggests that 
pollen record is useful for reconstructing past hydrologic and edaphic changes in the 
Everglades. Other fossil pollen records from the region suggest that the vegetation 
shifts of inland wetland communities are closely associated with the position of the 
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Inter-tropical Convergence Zone (ITCZ) and the state of the North Atlantic 
Oscillation (NAO) (Donders et al., 2005; Willard et al., 2011; Willard and Cronin, 
2007; Bernhardt and Willard, 2009).  
 However, no comprehensive studies exist to document relationship between 
modern pollen and vegetation along the Shark River Estuary, where many projects are 
being conducted in the freshwater marsh and mangrove swamps (FCE LTER). In this 
study, we collected 18 modern pollen samples from a 20 km transect along the SRS 
and 7 samples from 3 major wetland sub-environments along the main park road in 
the ENP (Table. 1, Fig.1). Our goal is to establish the spatial and statistical 
relationships between surface pollen assemblages and local vegetation, and reveal the 
chemical characteristics of the surface soil at different wetland environments by using 
X-ray fluorescence (XRF) analysis. This study is a systematic analysis to compare the 
modern pollen rain of the Shark River Estuary with the interior part of ENP. These 
data will help to expand our knowledge of the modern relationships between pollen 
and vegetation in the region, especially in the mangrove ecosystems, and fill a gap in 
the pollen data network for the Shark River Estuary. 
Study area 
 The study area (~600,000 ha), encompassing 25 surface soil samples, lies roughly 
between 25°24'06'' and 25°21'10" N latitude, and between 80°36'02" and 81°06'53.6" 
W longitude (Table. 1). The sampled wetland sub-environments include wet prairies, 
pine savannas, cypress forests, and mangrove forests along the Shark River Estuary 
(Fig. 1). 
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 The Everglades is situated in a tropical/subtropical environment. Tides are 
semi-diurnal with 1.1 m mean tidal amplitude in the southwestern region and >0.5 m 
in the southeastern region and Florida Bay (Wanless et al. 1994). The coastal area of 
the ENP, from Naples to Florida Bay, is covered by approximately 15,000 ha of dense 
mangrove forests (Simard et al, 2006). The interior part of the ENP contains 
1,050,000 ha of sawgrass marshes, sloughs, wet prairies, and pine savanna (Bernhardt 
and Willard, 2009). However, these densely vegetated wetlands are phosphate-limited 
(Castañeda-Moya et al., 2010), where the limited nutrient is supplied by the Gulf of 
Mexico, rather than the upper watershed (Chen and Twilley, 1999 a, b). Currently, the 
relative sea-level at southern Florida is rising at a rate of 3.8 mm/yr and inland 
replacement of freshwater marshes by mangrove swamps has been observed in the 
ENP (Wanless, 1994; Ross et al. 2000). The study area is frequently impacted by 
hurricanes. The historical hurricane record shows that the ENP is impacted by 46 
major hurricanes (category 3-5) in the last 135 years (NOAA). 
The Everglades has distinct wet and dry seasons (Lodge, 2010). The wet season 
(June-November) is hot and humid, with an average temperature around 32°C and 
humidity over 90%. The average annual precipitation is 125 to 152 cm, and about 70–
75% of rain falls during the wet season. The Atlantic hurricane season is from June 
through November, therefore afternoon thunderstorms and tropical storms are common 
during the wet season. The dry season (December-May) is mild and pleasant, though 
rare cold fronts may create near freezing conditions. Average temperatures in the dry 
season are between 25°C and 12°C. 
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Table 1. Surface sample sites in the Everglades National Park, south Florida. Sample ID is keyed to site numbers in Figure 1. Latitudes and 
longitudes for sites are determined using global positioning systems. Nutrient and canopy height data in the Shark River transect are from 
Castañeda-Moya (2010) and Simard et al., (2006). 
 
 
Sample 
NO. 
Site 
ID 
GPS Salinity 
(ppt) 
N:P 
(soil) 
Canopy 
Height 
Vegetation 
type 
Site description 
1 EM 25°24'06'', -80°36'02'' \ \ \ Wet prairie Cladium/Eleocharis marsh close to pine savanna, marl forming 
2 LPK 25°25'02'', -80°39'58'' \ \ \ Pine savanna Tall, sparse pineland imbedded in marl prairies, frequent fire 
3 RRP 25°24'35'', -80°47'05'' \ \ \ Tall cypress Tall cypress surrounded by dense Cladium marsh 
4 MHE 25°20'27'', -80°48'51'' \ \ \ Scrub cypress Scrub cypress surrounded by dense Cladium marsh 
5 PP 25°17'17'', -80°47'53'' \ \ \ Mixed 
Mangroves 
Scrub Rhizophora, Laguncularia, Avicennia, and hardwood forest 
6 NMP 25°14'36'', -80°48'19'' \ \ \ Wet prairie Eleocharis marsh, associate with Cladium, marl forming 
7 CB 25°10'51'', -80°53'57'' \ \ \ Inland 
mangroves 
Conocarpus forest near brackish marsh  
8 SRS4-1 25°24'35", -80°57'51" 4.6 ± 1.1 105 <5m Mangroves Dwarf Rhizophora >60%, Laguncularia >Conocarpus, no Avicennia 
9 SRS4-2 25°24'32", -80°57'43" 4.6 ± 1.1 105 <5m Brackish 
marsh 
Cladium marsh behind the mangrove fringe, about 200 m from the 
estuary 
10 SRS5-1 25°22'37", -81°01'57" 20.8 ± 3.1 46 8-10m Mangroves Tall Rhizophora >80%, few Laguncularia  and Avicennia, No 
Conocarpus 
11 SRS5-2 25°22'35", -81°01'53" 20.8 ± 3.1 46 8-10m Mangroves Tall Rhizophora >80%, few Laguncularia  and Avicennia, No 
Conocarpus 
12 SRS5-3 25°22'33", -81°01'52" 20.8 ± 3.1 46 8-10m Ecotone Ecotone between tall Rhizophora forest and Cladium marsh 
13 SRS5-4 25°22'33", -81°01'51" 20.8 ± 3.1 46 8-10m Brackish 
marsh 
Cladium marsh behind the mangrove fringe, about 200 m from the 
river 
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Table 1 cont. 
14 SRS6-1 25°21'53", 
-81°04'40" 
27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
15 SRS6-2 25°21'52", -81°04'40" 27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
16 SRS6-3 25°21'51", -81°04'40" 27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
17 SRS6-4 25°21'50", -81°04'40" 27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
18 SRS6-5 25°21'49", -81°04'40" 27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
19 SRS6-6 25°21'48", -81°04'40" 27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
20 SRS6-7 25°21'48", -81°04'39" 27 ± 2.6 28 >10m Mangroves Laguncularia >40%, Rhizophora >25%, Avicennia >25%, No 
Conocarpus 
21 SRM-1 25°21'11", -81°06'54" >30 ~16 >15m Mangroves Hurricane damaged mangrove forest, Avicennia fringe, Laguncularia 
and Rhizophora co-dominant, no Conocarpus 
22 SRM-2 25°21'11", -81°06'53" >30 ~16 >15m Mangroves Hurricane damaged mangrove forest, Avicennia fringe, Laguncularia 
and Rhizophora co-dominant, no Conocarpus 
23 SRM-3 25°21'10", -81°06'52" >30 ~16 >15m Mangroves Hurricane damaged mangrove forest, Avicennia fringe, Laguncularia 
and Rhizophora co-dominant, no Conocarpus 
24 SRM-4 25°21'10", -81°06'51" >30 ~16 >15m Mangroves Hurricane damaged mangrove forest, Avicennia fringe, Laguncularia 
and Rhizophora co-dominant, no Conocarpus 
25 SRM-5 25°21'10", -81°06'50" >30 ~16 >15m Mangroves Hurricane damaged mangrove forest, Avicennia fringe, Laguncularia 
and Rhizophora co-dominant, no Conocarpus 
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Figure 1. Location of surface sample sites in the Everglades National Park, south Florida. Circles indicate locations of the samples. Stars 
indicate the Shark River transect where multiple samples are taken at each site. Sample numbers are tied to Site IDs described in Table 1. 
Google Earth imagine of site SRM shows massive mortality of mangroves caused by Hurricane Wilma (2005)
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 Wet prairies 
 Wet prairies are the driest marsh type in the Everglades (Willard et al., 2001). 
Marl forming periphyton is a common component of wet prairies (Willard et al., 
2001). Such wetlands are found from the northern Everglades to the Shark River 
Slough, Whitewater Bay, Cape Sable, and Florida Bay (Gleason and Stone, 1994, 
Lodge, 2010). The vegetation typically contains sawgrass (Cladium jamaicense) 
surrounded by willow thickets (Salix), with Sagittaria and Typha in more open areas 
(Slocum et al., 2003). Wet prairies typically have hydroperiods less than 12 months 
and thus dry seasonally, tending to burn more than once a decade, and even every 1-2 
years if adjacent to pine savannas (Platt, 1999; Schmitz et al., 2002; Slocum et al., 
2003). 
 Cypress forests 
 Cypress forests in the ENP lie in the vicinity of the wet prairie mosaic (Willard et 
al., 2001) and typically grow in deep depressions, therefore have a long hydroperiod 
resulting thick peat accumulation (up to 2 m) (Duever et al., 1984). They are bald 
cypress-dominant (Taxodium distichum), with other hardwoods (e.g. Acer, Fraxinus, 
Annona) forming the subcanopy, and Utricularia, Eleocharis, ferns, and Asteraceae 
present in the understory.  
 Pine savannas 
 Pine savannas also lie in the vicinity of the wet prairie mosaic, and their 
substrates typically consist of sand and rocks (Willard et al., 2001). They have short 
hydroperiods and are burned frequently (Platt, 1999). Pine savannas in the ENP are 
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occupied by Pinus elliottii var densa, Quercus virginiana, and contain 
Burseraceae, Poaceae, Asteraceae, and subtropical hammocks. Such areas (e.g., 
Lostman's Pines and Raccoon Point regions of Big Cypress National Preserve) are 
also present in the interior of the Everglades region of South Florida (Doren et al. 
1993; Willard et al., 2001; Schmitz et al., 2002; Bernhardt and Willard, 2009; Hanan 
et al., 2010). 
 The Shark River Estuary 
 The Shark River Estuary is the biggest freshwater outlets in the ENP. During the 
wet season, water overflowing Lake Okeechobee and associated rainfall result in a 
southward sheet flow along a gentle slope of ~3 cm/km into SRS (Lodge, 2010). The 
water entering SRS flows through long-hydroperiod prairie sloughs into mangrove 
swamps at the river estuary and then into Whitewater Bay or the Gulf of Mexico along 
the southwestern coast of Florida. Along the Shark River Estuary, four study sites 
(SRM, SRS-6, SRS-5, and SRS-4) are located at 0 km, 4.1 km, 9.9 km, and 18.2 km 
from the mouth of the estuary, respectively. Site SRM, SRS-6, and SRS-5 receive 
strong influence from tidal activities, and site SRS-4 is mainly influenced by 
groundwater and freshwater runoffs (Castañeda-Moya, 2010).  
 Soil at site SRS-4 (Table 1, Fig. 1) has an atomic nitrogen to phosphorus ratio (N: 
P) of 105 (Chen and Twilley, 1999b), therefore it is very phosphorus limited. 
According to a multi-year (2005-2010) monitoring study of the Shark River transect 
(Castañeda-Moya, 2010), this site is flooded 165 days annually with a pore-water 
salinity of 4.6 ± 1.1 ppt. It is occupied by red mangroves (Rhizophora mangle) (67% 
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of total above ground biomass) with white mangroves (Laguncularia racemosa) as 
co-dominant species. It is the only site along the SRS transect where Conocarpus 
erectus is found and black mangroves (Avicennia germinans) are absent. The average 
mangrove canopy height at this site is less than 5 meters. 
 Soil at site SRS-5 (Table 1, Fig. 1) has an atomic nitrogen to phosphorus ratio (N: 
P) of 46 (Chen and Twilley, 1999b). This site is flooded 197 days annually with a 
pore-water salinity of 20.8 ± 3.1 ppt. Rhizophora mangle is the dominant species (87% 
of total above ground biomass) with very few other mangrove species. The average 
mangrove canopy height at this site is approximately 8 meters (Castañeda-Moya, 
2010). 
 Soil at site SRS-6 (Table 1, Fig. 1) has an atomic nitrogen to phosphorus ratio (N: 
P) of 28 (Chen and Twilley, 1999b). This site is flooded 233 days annually with a 
pore-water salinity of 27 ± 2.6 ppt. Laguncularia racemosa is the dominant species 
(43% of total above ground biomass) with Rhizophora mangle and Avicennia 
germinans as co-dominant species (43% of total above ground biomass each). Site 
SRS-6 has the highest complexity index along the SRS transect, and the average 
mangrove canopy height is approximately 10 meters (Castañeda-Moya, 2010). 
 Site SRM (Table 1, Fig. 1) is located on the edge of Ponce de Leon Bay, at the 
mouths of Whitewater Bay and Shark River Estuary. It is flooded by tides 90% of the 
year with an average tidal range of 0.5 m (Castañeda-Moya et al., 2010). This site is 
situated in a fringing mangrove forest, where Laguncularia racemosa and Rhizophora 
mangle are co-dominant species (Chen and Twilley, 1999 a, b). Field observation 
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suggests the average mangrove canopy height at SRM is the highest (> 15m) among 
all 4 sites. Hurricane Wilma, the most recent major hurricane to cross SRS, made 
landfall as a category 3 storm near site SRM in 2005. Strong winds and storm surge 
from this hurricane caused damage to approximately 1,250 ha of mangrove forest along 
the west coast of the ENP, resulting in 90% mortality of trees with diameters at breast 
height greater than 2.5 cm (Whelan et al., 2009; Smith et al., 2009). The storm surge 
flooded site SRM with 3 - 4 m of water and deposited ~3 cm of marine sediment as far 
as 10 km inland (Castañeda-Moya et al., 2010). 
Materials and methods 
 Twenty-five surface samples were analyzed from 11 sites with 5 broad vegetation 
types (Fig. 1). Location and vegetation composition at each site are briefly described 
in Table 1. Surface soil samples were collected by pushing aside surface vegetation to 
expose the surface of the peat and pushing a 15 cm diameter shovel into the ground to 
collect the upper 5 cm of sediments. The upper 1 cm of the sediments was later 
removed to avoid contamination. In the laboratory, all surface samples were scanned 
by a handheld Olympus Innov-X DELTA Premium X-ray fluorescence (XRF) 
analyzer to measure elemental concentrations (ppm) of 9 major chemical elements 
(Fig. 4). 
 Palynological analysis was performed on each surface sample. One commercial 
Lycopodium (Lc) tablet (~18,583 grains) was added to each sample (0.9 mL) as an 
exotic marker to calculate pollen concentration (grains/cm
3
) (sum = Lc added * no. of 
grains counted / Lc counted / volume of sample). Samples were first washed with 10% 
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HCL and then distilled water. After this step, samples were boiled with 10% KOH for 
15 min and then washed with distilled water for 2-3 times until the supernatant was 
clear to ensure the removal of humic compounds. After this pre-treatment, samples 
were passed through a 170 μm sieve to remove large organic fragments, and then 
reconcentrated with a 10 μm sieve. 10 mL acetolysis solution was then added to the 
test tubes and boiled for 2 minutes. Except for samples taken from wet prairies, the 
hydrofluoric acid treatment was omitted because samples contain mostly peat and 
limited amount of silicates. The main pollen taxa, non-pollen microfossils, and 
charcoal were counted and photographed with objective of 400x magnification (see 
Figure 5. for photos of all identified microfossils). The identification of pollen was 
based on published pollen illustrations by McAndrews et al. (1973) and Willard et al. 
(2004). Approximately 300 grains of pollen and spores were counted in most of the 
samples, and charcoal fragments were counted for all samples. The palynological 
results are reported in percentage (%) diagrams (Fig. 3). 
 Principal components analysis (PCA) was performed by the IBM SPSS version 
22.0 on all surface samples to reveal the internal structure of 19 proxies (Fig. 4). The 
PCA results provide a basis to classify different pollen types into statistically 
meaningful groups, which can be interpreted in terms of different wetland 
sub-environment. In addition, Grimm’s (1987) CONISS, which uses the method of 
incremental sum of squares and Edwards and Cavalli-Sforza’s chord distance as 
dissimilarity coefficients, was applied to classify the surface pollen samples into 
groups using Tilia version 1.7.16.  
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Figure 2. Pollen percentage diagram of 18 major pollen taxa for 25 surface samples. Vegetation types are classified by Grimm’s (1987) 
CONISS. Pollen percentages are calculated based on the sum of all pollen taxa. The pollen concentration curve is added on the right to facilitate 
comparison. 
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Figure 3. XRF diagram of 9 major elements for 25 surface samples. The samples are classified into same vegetation types as in Figure 2 to 
facilitate comparison. 
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Results and discussion 
 Five vegetation types are distinguishable from the surface pollen assemblages, 
which are marl prairies, pinelands, inland mangroves, mangrove forests, and hurricane 
damaged mangrove fringe (Fig. 2). Characteristic pollen assemblages of each type are 
summarized below. 
 The marl prairie group includes sample NO.1, 3, 4, and 6 taken at the park 
entrance marsh, Rock Reef Pass, Mohagony Hammock, and Nine Mile Pond along the 
main park road (Fig. 1, Table 1). Pollen concentrations are relatively low in wet 
prairie assemblages, with less than 6000 grains/cc sediment, compared to 15,000 
grains/cc in mangrove assemblages. This may reflect greater oxidation of sediments 
associated with marl (Willard et al, 2001) and relatively dry substrates. Pollen 
assemblages (Fig. 2) are characterized by high percentages of herbaceous taxa 
(Poaceae >20%, Asteraceae >10%, Cyperaceae 5 -10%) and Pinus (10 – 30%), and 
low percentages of all other pollen taxa. In the interior part of ENP, 
Cladium/Eleocharis occupies the above-ground vegetation at most of marl prairie 
sites (Willard et al, 2001). However, their pollen only account for 5 -10% of the total 
pollen sum because the Cyperaceae pollens have very thin walls (exine), resulting in 
poor pollen preservation in the sedimentary record. Although sample 3 and 4 are 
taken from cypress forest, Taxodium is poorly represented in the pollen record. This is 
because the pollens of bald cypress are insect-pollinated, resulting in little pollen 
being shed from the flowers. Therefore, the pollen assemblages of cypress forest 
patches cannot be differentiated from surrounding wet prairie. However, the XRF 
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results suggest that the wet prairie samples (sample 1 and 6) have much higher 
content of Sr and Ca than the cypress forest samples (sample 3 and 4) (Fig. 3). The 
high content of Sr and Ca is due to the marl substrate of wet prairies. 
The pineland group includes only sample NO.2 taken at Long Pine Key (Fig. 1, 
Table 1), which is a pine savanna imbedded in wet prairies. Pollen concentration of 
this sample is approximately 15,000 grains/ cubic centimeter, which is relatively high 
considering that the substrate at Long Pine Key is the same as surrounding marl 
prairies. The high pollen concentration of this sample is because Pinus (>50%), the 
dominant pollen taxon of this sample (Fig. 2), is a very prolific pollen producer. Other 
main pollen types include Burseraceae (a.k.a. gumbo-limbo, >15%), a fast growing 
tropical hardwood, and Poaceae (>10%). Concentration of charcoal fragments in this 
sample is very high (>150,000/ cubic centimeter). This result is in agreement with the 
short hydroperiod and frequent wildfires at pine savannas in the Everglades (Platt, 
1999). Overall, the pollen assemblage of pineland is closely associated with the local 
vegetation and environment previously described (Doren et al. 1993; Willard et al., 
2001; Schmitz et al., 2002; Bernhardt and Willard, 2009; Hanan et al., 2010). The 
XRF result of this sample is similar to that of marl prairie with high content of Sr and 
Ca (Fig. 3). However, the content of Fe and Ti is the highest among all surface 
samples. Typically, Fe and Ti are indicators of surface runoff. The high content of 
these two elements found in this sample is probably because pine savanna in the 
Everglades grows on sandy and rocky substrates (Duever et al., 1984; Willard et al., 
2001). 
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The inland mangrove group includes sample 7 taken from Coot Bay and sample 8 
and 9 from site SRS-4 (Fig. 1, Table 1). Pollen concentrations are relatively high, 
ranging from 15,000 to 35,000 grains/cc. The most abundant pollen is that of 
Conocarpus (15 -35%) (Fig. 2). Rhizophora and Amaranthaceae are also common at 
these sites, ranging from 5 to 10% and 2 to 5% of the total pollen sum, respectively. 
The lower percentages of upland taxa (e.g. Pinus and Quercus) and higher pollen 
concentrations at Coot Bay and SRS-4 reflect the relatively longer hydroperiod at 
these sites due to their closer distance to The Gulf of Mexico and the Florida Bay. The 
local vegetation at Coot Bay is occupied by Conocarpus, and site SRS-4 is the only 
site along the Shark River transect where Conocarpus is found (Castañeda-Moya, 
2010). Therefore, the surface pollen assemblages at these sites are in close association 
with the local vegetation. The XRF results show low contents of all measured 
elements in inland mangrove samples (Fig. 3). This is probably because the substrate 
at these sites contains mostly nutrient-barren peat with little influences from tidal 
flooding and freshwater runoff. 
The mangrove forest group includes only sample NO.5 taken at Paurotis Pond, a 
mixed mangrove forest, and sample 10-20 taken from sites SRS-5 and SRS-6 (Fig. 1, 
Table 1). Pollen concentrations of these samples range from 10,000 to 20,000 
grains/cc. Pollen assemblages of this group are distinguishable by high abundance of 
Rhizophora pollen (20–55%); Laguncularia, Amaranthaceae, and Pinus are also 
common at these sites, ranging from 5 to 15%, 5 to 30%, and 10 to 30% of the total 
pollen sum, respectively (Fig. 2). Concentration of charcoal fragments in this group is 
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the lowest among all surface samples (<2000/cc). This probably reflects long 
hydroperiod at these sites since SRS-5 and SRS-6 are 9.9 and 4.1 miles from the Gulf 
of Mexico and regularly receive tidal flooding (Castañeda-Moya et al., 2010). 
Conspicuously, although the most predominant plant at site SRS-6 is Laguncularia 
(>40% of above ground biomass), the surface pollen assemblages from SRS-6 do not 
show a significant increase of Laguncularia pollen comparing with those from SRS-5. 
This is because the pollen of Laguncularia are insect-pollinated, resulting in 
Laguncularia being poorly represented in the pollen record. The XRF results show 
samples from site SRS-6 containing higher content of all measured elements 
comparing with samples from site SRS-5 (Fig. 3). This result is in agreement with the 
nutrient gradient along the Shark River Estuary showing that the limited nutrients are 
supplied by the Gulf of Mexico, rather than the upper watershed (Chen and Twilley, 
1999 a, b). Therefore, it is reasonable to assume that site SRS-6 receives more 
nutrients from the ocean, hence containing higher content of all the chemical elements 
than site SRS-5, since site SRS-6 is closer to the Gulf of Mexico. This also explains 
the mangrove canopy height gradient along the Shark River Estuary, with taller 
mangrove trees occurring in sites closer to the ocean (Castañeda-Moya et al., 2010). 
Interestingly, XRF results of both site SRS-5 and SRS-6 show a progressive decrease 
of the elemental concentrations toward sites further away from the Shark River 
(SRS-5-1 toward SRS-5-4, and SRS-6-1 toward SRS-6-7) (Fig. 1, Table 1). This 
provides evidence that tidal flooding from the Shark River Estuary is directly related 
to the elemental concentration of the surface soil at surrounding mangrove forests. 
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The hurricane damaged mangrove fringe group includes all the samples from site 
SRM (sample 21-25), which is located at the mouth of Shark River Estuary (Fig. 1, 
Table 1). The mangroves at this site are severely damaged by Wilma, a category 3 
hurricane, in 2005 (Smith et al., 2009). The impact of the hurricane can be clearly 
observed from the pollen diagram (Fig. 2). Surface pollen assemblages from site SRM 
have the lowest pollen concentrations comparing with other mangrove sites along the 
Shark River transect, despite the fact that site SRM contains the tallest mangrove trees 
of all mangrove sites (Fig. 2) (Simard et al., 2009). This irony is most likely related to 
low flowering rate at this site because of the massive mortality of mangrove trees 
caused by the hurricane. Additionally, a distinct increase of Poaceae pollen is 
observed in the pollen diagram. The direct landfall of catastrophic hurricanes has been 
documented to kill canopy trees in Rhizophora-dominant forests and give 
opportunities for shade-intolerant herbaceous plants to colonize (Smith et al, 1994, 
2009; Baldwin et al, 1995, 2001; Vegas-Villarrúbia and Rull, 2002; Hogarth, 2007; 
Piou et al, 2006; Thaxton et al, 2007). Our results are in agreement with these studies. 
The XRF results show that samples from site SRM contain higher content of most 
measured elements comparing with samples from other mangrove sites (Fig. 3). 
Overall, the XRF results of the surface samples from our Shark River transect show a 
progressively increasing elemental concentration toward sites closer to the ocean; 
hence it is in agreement with previous studies (Chen and Twilley, 1999 a, b). 
 On the biplot of principal component loadings for the percentages of 18 pollen 
taxa and concentration of charcoal (Fig. 4, Table 2), the first two principal  
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Figure 4. PCA biplot showing coordinates of charcoal and 18 pollen taxa from pollen 
diagram of surface samples plotted along component 1 and component 2. The results 
suggest that they can be divided into 4 primary groups, which are interpreted as: 1) 
Coastal Mangroves, 2) inland mangrove swamp, 3) Pine savanna, and 4) Marl prairie. 
 
components account for 24.3% and 18.5% of the variance, respectively. Burseraceae, 
Pinus, Apiaceae, Typha, and charcoal have the highest positive loadings on principal 
component 1, whereas Rhizophora and Laguncularia have the most negative loadings. 
On the second principal component, Morella, Poaceae, Asteraceae, TCT, and 
Cyperaceae have the highest positive loadings, whereas Rhizophora and Laguncularia 
has the most negative loadings. Thus, the results of the PCA suggest that the pollen 
taxa and charcoal can be divided into 4 primary groups: (1) Coastal Mangrove group 
including Rhizophora and Laguncularia, (2) Inland mangrove group including 
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Table 2. Rotated Component Matrix of the Principal Component Analysis performed 
on the charcoal and 18 pollen taxa from pollen diagram of surface samples. Rotation 
Method is Varimax with Kaiser Normalization. Rotation converged in 3 iterations. 
 
 
Component 
1 2 
Pinus  .815 
Quercus   
Morella .723  
TCT .796  
Euphorbiaceae   
Asteraceae .852  
Poaceae .873  
Cyperaceae .830  
Ambrosia .435  
Apiaceae  .652 
Amaranthaceae   
Solanaceae   
Typha  .722 
Burseraceae  .872 
Rhizophora -.707 -.448 
Laguncularia -.478 -.509 
Avicennia   
Conocarpus   
Charcoal  .828 
 
Conocarpus, Avicennia, Solanaceae, Amaranthaceae, and Quercus, (3) Pineland group 
including Pinus, Burseraceae, Typha, Apiaceae, and charcoal, and (4) Marl prairie 
group including Poaceae, Cyperaceae, TCT, Asteraceae, and Morella. These four 
groups are quite well-defined with no overlap among them (Fig. 4). The PCA results 
show that the internal structure of the pollen assemblages is statistically in agreement 
with the local vegetation of the sample sites described above (Fig. 2, Table 1). 
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Conclusion 
 This research applies Grimm’s (1987) CONISS and PCA to the modern pollen 
data from the Everglades National Park, south Florida. The results show that the 
wetland sub-environments can be identified with empirical pollen data with the aid of 
statistical methods. By comparing vegetation groups classified by numerical and 
surface pollen analyses with the local vegetation at sampling locations, 25 surface 
pollen assemblages from the ENP are classified into five vegetation groups, which are 
marl prairie, pineland, inland mangroves, mangrove forests, and hurricane damaged 
mangrove fringe. These groups broadly correspond with various local vegetation 
types around the sampling sites. This study indicates that palynological data from 
sediment cores from the Everglades can be used for paleoenvironmental 
reconstructions. 
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Figure 5a. Common trees and shrubs: 1-2. Pinus, 3. Moraceae, 4. Burseraceae, 5. 
Morella, 6-7. Quercus, 8. TCT, 9-12. Euphorbiaceae, 13-15. Rubiaceae, 16-17. Salix 
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Figure 5b. Common herbaceous taxa: 1-2. Cyperaceae, 3-4. Poaceae, 5-6. 
Amaranthaceae, 7-8. Typha, 9-10. Sagittaria, 11 Ambrosia (Asteraceae short-spine), 
12-16. Asteraceae (high-spine), 17-18. Solanaceae, 19-20. Batis maritima (Bataceae), 
21-23. Apiaceae 
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Figure 5c. Mangrove taxa: 1-5. Rhizophora mangle, 6-10. Laguncularia racemosa, 
11-14. Avicennia germinans, 15-20. Conocarpus erecta 
 
 
 
 
 
 
 
 
70 
 
 
Figure 5d. Other pollen taxa: 1. Alternanthera philoxeroides (Amaranthaceae), 2. 
Liquidambar, 3. Alnus, 4. Ulmus, 5. Corylus, 6. Haloragaceae, 7-8. Nyssa, 9-10. 
Dalbergia, 11. Flacourtiaceae, 12-13. Ilex, 14-15. Malvaceae, 16-17. Brysonima 
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Figure 5e. Spores: 1. Lycopodium, 2-3. Salvinia minima, 4. Pteridium, 5-7. 
Polypodiaceae, 8. Glomus, 9-18. unidentified fungal spores 
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Figure 5f. Non-pollen/spore microfossil: 1-2. test linings of foraminifera, 3-9. test 
linings of unidentified Dinoflagellates  
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CHAPTER 4. PALYNOLOGICAL RECONSTRUCTION OF 
ENVIRONMENTAL CHANGES IN COASTAL WETLANDS OF THE 
FLORIDA EVERGLADES SINCE THE MID-HOLOCENE 
Introduction 
Most coastal ecosystems around the world are influenced by changes in sea-level 
(SL). For example, tidal gauges from south Florida show that the average rate of SL 
rise has increased to 3.8 mm/yr since 1930; this rate is 6 to 10 times higher than that 
of the past 3,500 years (0.4 mm/yr) and approaches the highest rate of SL rise (>5 
mm/yr) during the mid-Holocene Climate Optimum (Wanless et al, 1994). Studies 
predict that the rapid RLS rise will continue during the 21
st
 century (IPCC, 2014). 
Thus, an understanding of how coastal wetlands in regions like south Florida have 
changed in response to past SL fluctuations may assist investigation of responses of 
coastal ecosystems to ongoing SL rise (e.g., Wooller et al., 2004; Torrescano and Islebe, 
2006; Monacci et al., 2009; Gonzalez etal., 2010).  
Palynological studies have related changes in vegetation to hydrological and 
climatic changes. Some such studies have been conducted in south Florida (Donders 
et al., 2005; Willard and Bernhardt, 2011; van Soelen et al., 2012). These studies 
indicate that drier intervals have been influenced by southward shifts of the 
Inter-tropical Convergence Zone, and wetter intervals have been influenced by the 
positive phase of the North Atlantic Oscillation. Such climatic changes have been 
associated with shifts in hydroperiod and hence composition of wetland plant 
communities (Willard and Cronin, 2007; Bernhardt and Willard, 2009; Willard and 
Bernhardt, 2011). Similar vegetation shifts attributed to variation in climate have also 
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been suggested by other studies in south Florida and the Caribbean region (Islebe et 
al., 1996; Donders et al., 2005; van Soelen et al., 2012).  
Peat-accumulating ecosystems are among the coastal communities associated with 
rises in sea level. Previous studies have documented the initiation of peat accumulating 
wetlands (Scholl et al. 1969; Robbin, 1984) and formation of mangrove communities 
in south Florida from macrofossil records (Parkinson, 1989; Wanless et al., 1994). 
However, no pollen record from the Everglades is older than 5,000 years, and a 
detailed continuous chronology of Holocene changes in wetland vegetation in the now 
extensive mangrove region of South Florida remains lacking. Therefore a multi-proxy 
paleoecological record, focused on the mid-Holocene time of rapid SL rise, should be 
useful in documenting changes and in generating hypotheses regarding processes 
involved in the formation of freshwater wetlands, their changes over time as SL rise 
occurs, and their relationship to formation of coastal/estuarine mangrove forests. 
This study presents a 5,700 yr palynological record, retrieved from a 
mangrove-dominant estuarine wetland at the mouth of Shark River Estuary in 
Everglades National Park. We aim to: (1) document the origination of freshwater 
peat-accumulating wetlands, document changes occurring over time during the 
Holocene, and determine when they transition to brackish marsh/mangrove swamp at 
the Shark River Estuary; and (2) characterize the allogenic forcing controlling 
development of coastal wetlands at the Shark River Estuary. 
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Figure 1. A) Location of the Shark River Slough (SRS) and Everglades National Park, 
South Florida (base map adapted from FCE LTER: http://fcelter.fiu.edu); B) Location 
of the Shark River Estuary, coring site (SRM) at the mouth of Shark River, and the 
SRS-6 site where hydroperiod and forest productivity has been monitored since 2002; 
C) Partial view of the SRM Mangrove forest impacted by Hurricane Wilma in 2005; 
photo taken at the time the cores was sampled. 
 
Study area 
The largest contiguous mangrove swamp in the continental USA occurs in the 
Florida Everglades. Approximately 144,000 ha of dense mangrove forests extend along 
the modern coast from Naples to Florida Bay (Simard et al., 2006; Lodge, 2010). Our 
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study was conducted at the western end of this region, at the mouth of the Shark River 
Estuary along the coast of southwestern Florida in the Everglades National Park 
(Monroe County). This region of the Florida peninsula is subtropical, having 
pronounced wet and dry seasons with 70–75% of the annual precipitation falling from 
June to September (Lodge, 2010; Beckage et al., 2003). Water overflowing Lake 
Okeechobee and associated rainfall result in a southward sheet flow along a gentle 
slope of ~3 cm/km into Shark River Estuary and to a lesser extent into Taylor Slough 
(Castañeda-Moya et al., 2013; Lodge, 2010; Rivera-Monroy et al., 2011). The water 
entering Shark River Estuary flows through long-hydroperiod prairie sloughs into a 
mangrove swamp at the river estuary and then into Whitewater Bay or the Gulf of 
Mexico along the southwestern coast of Florida (Lodge, 2010). Our study site 
(25°21’10”N, 81°6’52”W) is located on the edge of Ponce de Leon Bay, at the mouths 
of Whitewater Bay and Shark River Estuary (Fig. 1). It is situated in a fringing 
mangrove forest, where Laguncularia racemosa (white mangrove) and Rhizophora 
mangle (red mangrove) are co-dominant species (Chen and Twilley, 1999 a, b), and 
Avicennia germinans (black mangrove) is also present. This location (Fig. 1) was 
strongly affected by Hurricane Wilma, resulting in 90% mortality for trees with 
diameters at breast height greater than 2.5 cm (Smith et al., 2009). 
The hydroperiod in the study site is influenced by both tidal cycles and freshwater 
discharge (Saha et al., 2012). A multi-year (2001-2004) monitoring study at a nearby 
location (SRS-6), ~4 km inland from the mouth of Shark River, shows that the 
mangrove forests are inundated by tides 90% of the year, with an average tidal range of 
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0.5 m (Castañeda-Moya et al., 2013). As a result of changes in hydrology along the 
Shark River, soil pore-water salinity inside the mangrove forests decreases significantly 
from 27 ± 2.6 ppt close to the mouth (i.e. SRS-6) to 4.6 ± 1.1 ppt 20 km upstream 
(Castañeda-Moya et al., 2013). Since the early 20
th
 century, land-use changes linked to 
anthropogenic activities (agriculture and urbanization) have dramatically reduced the 
seasonality of freshwater flow throughout the Everglades (Light and Dineen, 1994) and 
have affected surface and groundwater flows in this coastal region (Saha et al. 2012). 
SL-changes in south Florida have varied significantly over the past several 
thousand years. Previous studies of regional sea-level history indicate a rate of SL-rise 
of >5 mm/yr between 8,500 to 6,500 cal yr BP, when SL is at least 6.2 m lower than 
today and the shoreline is 30 km seaward of the present position (Wanless et al., 1994). 
Since 6,500 cal yr BP, the rate of SL-rise decreases to 2.3 mm/yr, and it continues to 
decline to 0.4 mm/yr after 3,500 cal yr BP, at which time SL is only 1 m below 
today’s level (Wanless et al., 1994; Ross et al., 2009). Since AD 1930, the rate of 
SL-rise has increased to 3.8 mm/yr, and replacement of freshwater marshes by 
mangrove wetlands has been observed in the Everglades National Park as a result of 
salt water intrusion and salinity changes in groundwater (Wanless et al., 1994; Ross et 
al., 2000; Michot et al. 2011). 
Materials and methods 
A 5.25 m core (SRM-1) was retrieved at the study site in May 2010 using a 
Russian peat borer. The 50 cm core segments were measured, photographed, and 
wrapped in the field, and stored in a cold room (4°C) at the Global Change and 
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Coastal Paleoecology Laboratory at Louisiana State University. The core was scanned 
using an X-ray fluorescence (XRF) analyzer at 2 cm intervals to measure elemental 
concentrations (ppm) of 32 chemical elements. XRF analysis is widely used in coastal 
studies and the behaviors of most key elements are well established through previous 
studies (van Solen et al., 2012; Ramirez-Herrera et al., 2012). Loss-on-ignition (LOI) 
analyses were performed at contiguous 1 cm intervals to establish the ratio of organic 
versus inorganic sediment through the core (Dean, 1974).  
Fourteen samples from core SRM-1 are used for AMS 
14
C measurements. Ten 
samples consisting of leaf fragments and pieces of wood are selected under a 
dissecting microscope and sent to the NOSAMS Laboratory at Woods Hole 
Oceanographic Institution (Table 1, Fig. 2). In addition, approximately 10 grams of 
sediments taken at 374 and 446 cm are submitted to Beta Analytic Inc., in Miami, 
Florida, for AMS 
14
C measurements. At the dating facility these sediments are passed 
through a 180 μm sieve to separate the <180 μm fine organic fraction from the >180 
μm coarse organic fraction. Both fractions are dated separately to compare dating 
results using different materials (Table 1). An age-depth model is developed by using 
BACON version 2.2 (Blaauw and Christen, 2013), a Bayesian age-depth modeling 
software using R as an interface. Most priors are using default settings (acc.shape=1.5, 
res=5, mem.strength=4, and mem.mean=0.7). One of the prior distributions (acc.mean) 
is set to be ten as suggested by Bacon model. Combined with an estimated starting 
date of -55 cal yr BP at 0 cm for the first section, these accumulation rates then form 
the age-depth model, which is reported as calibrated years BP (cal yr BP).  
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Table 1. Radiocarbon dating results for core SRM-1. Dates in parentheses are rejected 
due to extreme age reversal. 
Sample  
ID 
Depth  
(cm) 
Material Conventional  
C
14
 age (yr BP) 
2-σ Calibrated  
range (Cal yr BP) 
OS-960a2    56 Leaf 145 ±25 0 - 280 
OS-83953    139 Leaf 1180 ±30 990 - 1180 
OS-90704    179 Leaf 1940 ±30 1820 – 1970 
OS-95704    243 leaf 2860 ±30 2880 – 3070 
OS-83943    246 Wood 155 ±25  (Rejected) 
OS-90685    246 Wood > Modern  (Rejected) 
OS-93264    260 Leaf 2240 ±30 2150 - 2340 
OS-96061    300 Bark 3540 ±35 3700 – 3910 
Beta-345774 374 Organic silt 4160 ±30 4780 - 4830 
Beta-346208 374 Roots 2940 ±30 3000 - 3210 
OS-96060    440 Leaf 1090 ±20 (Rejected) 
Beta-345775 446 Organic silt 5800 ±30 6500 - 6670 
Beta-346209 446 Roots 4060 ±30 4760 - 4800 
OS-84455    448 Plant debris 6620 ±260 6940 – 7980 
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Figure 2. Lithology, loss-on-ignition diagram, and the age-depth model for the core. 
Loss-on-ignition diagram presents the % wet weight for water, and % dry weight for 
organics and carbonates. The age-depth model is developed by BACON and based on 
11 calibrated C
14
 ages. The yellow curve shows the 'best' estimated age for each depth 
based on the weighted mean age. The surface (0 cm) of the core is assigned as -55 cal 
yr BP because it is identified as the Hurricane Wilma deposit (2005). Further 
information about radiocarbon dates is shown in Table 1 and Supplementary 
information. 
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Sixty-five samples of 0.9 to 1.8 mL are taken at 5 to 10 cm intervals for 
palynological analysis. Samples are processed using standard procedures (Liu et al., 
2011; Kiage and Liu, 2009). One commercial Lycopodium (Lc) tablet (~ 18,583 grains) 
is added to each sample as an exotic marker to calculate the of pollen concentration 
(grains/cm
3
). Hydrofluoric acid treatment and acetolysis are omitted to minimize the 
degradation of microfossils during processing. More information about the processing 
of pollen samples and calculation of the pollen concentration is described in Chapter 
3. The identification of pollen is based on pollen illustrations by McAndrews et al. 
(1973), Willard et al. (2004), and Chmura et al. (2006). Approximately 300 pollen 
grains and spores, including both terrestrial and aquatic taxa, were counted in most 
samples, which were used as the pollen sum for the calculation of pollen percentages. 
Additional microfossils, including foraminifera linings, dinoflagellates tests, fungal 
spores, and charcoal fragments (>10 μm in size), were also counted. The pollen (and 
other) data are to be forwarded to the Neotoma Paleoecology Database. 
Results 
Core SRM-1 consists of 4 different sediment types. The stratigraphy is displayed in 
Fig 2, and the following sediment units can be recognized: basal clay (525-485 cm), 
marl (485-450 cm), peat (450-10 cm), and calcareous clastic sediments (10-1 cm). 
Among the 10 AMS 
14
C dates obtained from NOSAMS, three anomalously 
young dates (OS-83943, OS-90685, and OS-96060) were rejected due to extreme 
stratigraphic reversal (Table. 1). The date measured at 448 cm (6,940-7,980 cal yr BP) 
may also be erroneous (i.e., too old) because it comes from the base of the peat where 
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it directly overlies the marl, which increases the possibility of it being affected by 
carbonate error. For the two pairs of dates at 374 cm and 446 cm determined by Beta 
Analytic, the coarse organic fractions yield much younger dates than the fine organic 
fractions by ~1,200 to ~1,800 years (Table. 1). We suspect that the coarse organic 
fraction might be contaminated, as visual inspection of sieve residues revealed 
intrusive (younger) rootlets (See Supplementary Information). In order to be 
objective, all dates except for the three rejected ones (out of 14) were used to 
construct the age-depth model using BACON software (Fig. 2). The results confirm 
our interpretation that the “best” age-depth model (yellow curve, Fig. 2) based on the 
weighted mean age of each sample is very close to intercepting 
14
C dates at 56 (178 
cal yr BP), 139 (1138 cal yr BP), 179 (1872 cal yr BP), 243 (2,947 cal yr BP), 300 
(3,777 cal yr BP), and 374 (4,658 cal yr BP) cm, and the bottom date has great 
uncertainties ranging from 4,760 to 7,980 cal yr BP (95% confidence intervals) (Fig. 
2). We use the “best” age-depth model based on the weighted mean age for each 
sample to construct the chronologies for all the proxy records discussed in this paper, 
thus indicating a basal date for the peat of approximately 5,700 cal yr BP at 450 cm.  
We divided core SRM-1 into 6 stratigraphic zones based on pollen composition, 
sediment stratigraphy, and chemical characteristics. Zone 3 is further subdivided into 
three subzones. The calcareous clastic sediments with low loss-on-ignition values at 
the top of the core (Fig. 2) are included in Zone 6. The palynological results are 
reported in percentage (%) and influx (grains/cm
2
/yr) diagrams (Figs. 3 and 4). Each 
zone is described below. 
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 Zone 1 (525-485 cm; >5,700 cal yr BP) 
Clastic sediments below 450 cm in core SRM-1 were deposited prior to ~5700 cal 
yr BP, based on the age model. These sediments consist of homogeneous clay. 
Loss-on-ignition results indicate that these fine-grained sediments have the lowest 
contents of water (<50% wet weight), organic matter (<20% dry weight) and 
carbonates (<15% dry weight) of any zone in the core (Fig. 2). XRF data show that 
the elemental concentrations of Zr (>100 ppm), S (5,000-40,000 ppm), K (>3,000 
ppm), Ti (>2,000 ppm), Fe (>10,000 ppm), and most of other heavy metals in Zone 1 
are at least 5 to 10 times higher than values in the rest of the core (Fig. 5). Pollen is 
totally absent in samples taken from Zone 1 (Figs. 3 and 4). 
 Zone 2 (485-450 cm; >5,700 cal yr BP) 
Calcareous sediments from 485-450 cm in core SRM-1 were also deposited prior 
to ~5700 cal yr BP, as indicated by the age model. Located above the basal clay but 
underlying the peat deposits, these sediments consist of silt, limestone fragments, and 
shell hashes of the freshwater snail Helisoma trivolvis sp. (Fig. 2). Zone 2 has higher 
percentages of water (50-70%) and organic matter (20-30%) than the clay in Zone 1, 
and the highest content of carbonates (30-35%) in the whole core (Fig. 2). XRF 
results reveal that the concentrations of Ca (30,000-100,000 ppm) and Sr (150-400 
ppm) reach their highest values in Zone 2 (Fig. 5). 
Pollen influx values are between 1,000 to 3,000 grains/cm
2
/yr (Fig. 4), and 
charcoal is abundant (20,000-60,000 fragments per cc). The dominant taxon, Salix, 
accounts for > 50% of the pollen sum in some samples (Fig. 3). Sub-dominant taxa 
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include Poaceae (20%) and two trees, Pinus and Quercus (10-20%). Other major taxa 
(defined as those occurring at >5% in at least one level) include Amaranthaceae, 
Sagittaria, and Typha. Notably, Pinus, Quercus, and Salix pollen reach their highest 
percentages in the core in the middle of Zone 2, before decreasing toward the top of 
the zone, as Poaceae and Amaranthaceae increase.  
 Zone 3 (450-300 cm; 5,700 to 3,800 cal yr BP) 
Zone 3 (450-300 cm) consists of continuous peat deposits. Our age model 
indicates that these peats were deposited between ~5,700 to 3,800 cal yr BP (Fig. 2). 
This peat layer displays high contents of organic matter (>50%) and water (>75%) 
and the lowest concentration of all detected chemical elements. The loss-on-ignition 
and XRF values are generally similar throughout this zone (Figs. 2 and 5). 
Zone 3 is divided into three subzones based on changes in percentages and 
concentrations of the main pollen taxa. Subzone Zone-3a (~5,700 to 5,250 cal yr BP) 
contains mostly upland taxa, including Salix (up to 20%) and Pinus (up to 25%). In 
addition, some Morella and Rubiaceae (up to 20%) also are present, as are some herbs, 
such as Typha (up to 10%), Solanaceae (up to 5%), and Asteraceae (up to 10%). 
Mangrove pollen first appears in subzone 3a, but percentages are low (<5%). 
A change in the pollen assemblage is notable in subzone 3b (~5,250 to 4,300 cal 
yr BP). At the outset, the pollen assemblage records the concurrent disappearance of 
Salix and Rubiaceae, decreases in Morella and Quercus, as well as a marked decline 
in Pinus (< 25%). In addition, abundances of Poaceae and Asteraceae decrease, and 
Amaranthaceae increases markedly (often >50%, and up to 90%). 
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In subzone 3c (~4,300 to 3,800 cal yr BP), Cyperaceae increases in abundance, 
while Amaranthaceae decreases precipitously in both percentage and concentration 
values. Freshwater Sagittaria also increases, reaching its highest percentage (10%) in 
subzone 3c.   
 Zone 4 (300 to 200 cm; 3800 to 2200 cal yr BP) 
Our age model suggests that the uniform peat in Zone 4 was deposited between 
~3,800 to 2,200 cal yr BP. The organic matter (>50%) and water (>75%) contents in 
this zone remain consistently high, while the concentrations of all detected chemical 
elements remain the lowest throughout the zone. 
The overall pollen influx (< 2,000 grains/cm
2
/yr) is low (Fig. 4). At the beginning 
of the zone, the dominant pollen types are Amaranthaceae (>50%) and Poaceae (30%), 
but other herbaceous taxa (i.e., Apiaceae, Solanaceae, Asteraceae, Typha) are rare 
(<5%) or absent (Ambrosia, Cyperaceae, and Sagittaria). Pinus and Quercus are 
uncommon (<10%) throughout the zone. The abundance of mangrove pollen 
(especially Rhizophora) is low at the beginning of the zone, but increases towards the 
top of the layer (Fig. 4). Near the top of this zone, Rhizophora becomes dominant, 
comprising as much as 50% of the pollen. Foraminifera linings make their first 
appearance in the upper part of the zone. Charcoal concentrations decrease from 
<10,000 fragments per cc at the bottom of Zone 4 to insignificant levels at the top of 
the zone.  
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 Zone 5 (200 to 140 cm; 2,200 to 1,150 cal yr BP) 
Sediments in Zone 5 was deposited between ~2,200 and 1,150 cal yr BP (Fig. 2). 
The loss-on-ignition and XRF results are very similar to those in Zones 4 and 3. 
The pollen assemblage in Zone 5 is characterized by the lowest pollen influx 
values (< 1,000 grains/cm
2
/yr) above 485 cm (Fig. 4), and the increasing dominance 
of mangrove taxa. Amaranthaceae and Poaceae percentages are very low, and the 
percentages of all other herbaceous and upland species (Pinus and Quercus) reach 
their minima for the entire core. Rhizophora pollen continues to increase. Mangrove 
pollen reaches 50% of the pollen sum in the middle of Zone 5 (Fig. 3). Dinoflagellates 
and foraminifera linings appear at higher concentrations more consistently. 
Concentrations of charcoal fragments were generally insignificant in Zone 5. 
 Zone 6 (140 to 0 cm; 1150 cal yr BP to present) 
The peat deposit at the bottom of this zone has an age of ~1,150 cal yr BP (Fig. 2). 
The water (>75%) content in this zone remains high, but the organic matter decreases 
to <50% in most samples. 
The pollen influx values (2,000 – 4,000 grains/cm2/yr) of zone 6 are the highest 
among all six zones. Mangroves are the dominant pollen taxa in Zone 6. Rhizophora 
comprises >50%; other mangrove genera (Laguncularia, Avicennia, and Conocarpus) 
also are present (Fig. 4). Amaranthaceae and Poaceae continue to decrease, as do the 
percentages of all other herbaceous taxa. Pinus and Quercus are present, and for the 
first time, Taxodium is abundant. Dinoflagellate and foraminifera linings occur at high 
concentrations. Charcoal fragments are absent in most samples in this zone. 
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Figure 3. Pollen percentage diagram for core SRM-1. The concentration curves for marine planktons, charcoal, and pollen are added on the right 
to facilitate comparison. Dates on Y-axis are calibrated yr BP. TCT is the acronym for Taxodiaceae- Cupressaceae- Taxaceae. 
(cal yr BP)
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Figure 4. Pollen influx diagram for core SRM-1. The influx curves for marine plankton and charcoal are added on the right to facilitate 
comparison. Dates on Y-axis are calibrated yr BP. TCT is the acronym for Taxodiaceae- Cupressaceae- Taxaceae. 
 
(cal yr BP)
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Figure 5. XRF results from core SRM-1. Dates on the Y-axis are calibrated yr BP. The black silhouettes represent the actual concentration of the 
elements, and the transparent curves represent 5X exaggerated values. 
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The top 10 cm 
 The top 10 cm of the core consists of calcareous clastic sediments deposited by 
storm surges generated by Hurricane Wilma (Castañeda-Moya et al., 2010; 
Ramirez-Herrera et al., 2012). The contents of water (50-70% vs >80%) and organic 
matter (20-25% vs 40-60%) in these sediments are significantly lower than those in 
the underlying peat, but carbonate content is much higher (30-35% vs 10-15%). The 
concentrations of Ca, Sr, and Zr in the top 10 cm are 10 to 100 times higher than in 
the underlying peat (Figs. 5, 6). 
Discussion 
 The early Holocene dry upland landscape (>5,700 cal yr BP) 
The basal sections of the core (Zones 1 and 2) were deposited prior to ~5,700 cal 
yr BP. At that time, the climate in south Florida was drier than today (Lodge, 2010; 
Donders et al., 2005; van Soelen et al., 2010). Zone 1 (486-525cm) is composed of 
fine silicates (clastic clay) devoid of pollen. The very high concentrations of metals 
such as Ti, Fe, and Cr in these sediments of Zone 1 are most likely the result of acidic 
leaching; such sediments are commonly found in Florida (Hine and Belknap 1986) 
and the Caribbean region underlying more recent mangrove peat (Wooller et al., 2007; 
Macintyre et al., 2004). Overall, the proxy record for Zone 1 indicates an arid or 
frequently dried out terrestrial environment that was not inundated long enough to 
promote marl or peat accumulation and to preserve pollen. The absence of pollen 
precludes knowledge of the vegetation types present. 
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 Short-hydroperiod prairie (> 5,700 cal yr BP) 
Zone 2 (451-485cm) consists of calcareous sediments that resemble those in marl 
prairies currently present in the Everglades. Such sediments now underlie large areas 
of peat from the northern Everglades to Whitewater Bay, Cape Sable, and Florida Bay 
(Gleason and Stone, 1994, Lodge, 2010). The formation of freshwater calcitic marl 
over subaerial substrate marks a transition from a dry and drained environment to a 
shallow seasonally flooded freshwater wetland environment (Gleason and Stone, 
1994). Indeed, shell hashes of the freshwater snail Helisoma trivolvis found in Zone 2 are 
consistent with such environment. These evidences probably suggests a period during 
the mid-Holocene with a higher subsurface water table and increasing hydroperiod, 
but not yet wet enough to sustain peat accumulation. 
The pollen assemblage of Zone 2 contains mostly a mixture of upland and 
herbaceous species. The composition of this pollen assemblage is consistent with a 
mixture of short-hydroperiod and longer-hydroperiod prairies, perhaps also with 
higher nonflooded areas (i.e., pine savannas) in the immediate vicinity. Such areas 
(e.g., Lostman's Pines and Raccoon Point regions of Big Cypress National Preserve; 
Long Pine Key in Everglades National Park) are present in the interior of the 
Everglades region of South Florida today (Doren et al. 1993; Willard et al., 2001; 
Schmitz et al., 2002; Bernhardt and Willard, 2009; Hanan et al., 2010). The freshwater 
marl-accumulating wetlands postulated as present in Zone 2 appear to have been 
subject to frequent fires. These habitats today have hydroperiods lasting less than 12 
months and are thus dry seasonally, tending to burn more than once a decade, and 
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even every 1-2 years if located adjacent to pine savannas (Platt 1999; Schmitz et al., 
2002; Slocum et al., 2003, Platt et al. 2015). Such high fire frequency would be 
consistent with the abundance of charcoal particles in pollen samples. The occurrence 
of Pinus, Quercus, Poaceae, and Asteraceae in the pollen assemblage further suggests 
that upland habitats were in the vicinity. 
We suggest that the study site was most likely a short-hydroperiod prairie 
containing longer-hydroperiod willow thickets as "islands" prior to ~5,700 cal yr BP. 
These willow-dominant thickets may have been bounded by open water species like 
Typha and Sagittaria. These wetland habitats could have been surrounded by pine 
savanna and contained subtropical hammocks. Most importantly, the palynological 
data indicate not only that wetlands have been present for more than ~5,700 years in 
southwestern Florida, but also suggest that early wetland landscapes in interior 
southern Florida are likely to have resembled to some extent the fire-maintained 
landscapes occurring today in Big Cypress National Preserve and Everglades National 
Park (DeCoster et al. 1999; Schmitz et al., 2002, Slocum et al., 2003, 2007).  
 Dynamic freshwater wetlands (~5,700 to 3,800 cal yr BP) 
 Zones 3, 4, and 5 consist of peat that dates back to ~5,700 cal yr BP. Our study 
site in the southwestern region of the Everglades lies atop the permeable Tamiami 
limestone where the water table is very sensitive to changes in hydrological 
conditions (Gleason and Stone, 1994). The formation of peat instead of marl in Zone 
3 (~5,700 to 3,800 cal yr BP) suggests deeper water levels and longer, 12-month 
hydroperiods in at least some local areas such as the coring site. Historically, water 
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availability in the southern Everglades is determined by local rainfall and drainage 
through sheet flow of water from Lake Okeechobee (Donders et al., 2005; Lodge, 
2010; Michot et al., 2011; Saha et al., 2012). Some evidence indicates that 
intensification of the El Niño-Southern Oscillation (ENSO) during the mid-Holocene 
increased precipitation in south Florida (Donders et al., 2005). Therefore, formation of 
peat throughout Zone 3 is consistent with the hypothesis that the mid-Holocene 
intensification of ENSO might have marked the onset of more modern-day 
precipitation regimes in the Everglades (Rodbell et al, 1999; Koutavas et al, 2002). 
Our study suggests that freshwater wetlands in south Everglades were dynamic 
and changing on time scales of millennia during the mid-Holocene. Subzone Zone-3a 
is between ~5,700 to 5,250 cal yr BP, when numerous upland taxa (Salix, Pinus, 
Rubiaceae, Quercus, and Morella) and herbaceous taxa (Poaceae, Typha, Solanaceae, 
and Asteraceae) consistently appear in the pollen assemblage (Figs. 3 and 4). This 
pollen assemblage, which persisted until ~5,250 cal yr BP, suggests that 12-month 
hydroperiod Salix (willow)-dominant sloughs or perhaps Cephalanthus (buttonbush; 
Rubiaceae) and imbedded in long- or short-hydroperiod prairies occupied by grasses 
or sedges continued to persist after moisture levels increased over those associated 
with Zone 2 (Hanan et al., 2010).  
The shift to an herbaceous-dominant landscape marks the onset of Zone-3b, 
between ~5,250 to 4,300 cal yr BP. At the outset, the pollen assemblage records the 
concurrent decline in upland taxa (Salix, Rubiaceae, Pinus, Morella, and Quercus), 
and a marked increase in Amaranthaceae (Figs. 3 and 4). In addition, pollen 
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percentages for Sagittaria and Apiaceae reach their maximum in Zone 3, suggesting 
widespread freshwater wetlands with 12-month hydroperiods near the coring site 
during this subzone.  
Amaranthaceae abundance increases with disturbances. In present-day south 
Florida wetland habitats, such increases have been noted after natural 
lightning-ignited fires (Slocum et al. 2003, 2010) and hurricanes (Armentano et al. 
1995), when open space is generated and colonized by species like Amaranthus 
australis (Schmitz et al., 2002). Increases of Amaranthaceae in other pollen diagrams 
have also been attributed to periods of drought (Willard et al, 2001; Willard and 
Cronin, 2007). Therefore the shift to an herbaceous community in this subzone 
suggests frequent major fires, perhaps in conjunction with periods of droughts; such 
intense fires have burned out willow thickets in the present-day Everglades (Beckage 
et al., 2003, Slocum et al., 2007). This is supported by the increase in micro-charcoal 
particles (Figs. 3 and 4). Such periodic droughts and intense fires may have 
characterized this subzone (~950 years). 
Subzone 3c (~4,300 to 3,800 cal yr BP) reflects the formation of open water 
sloughs. After 4,300 cal yr BP, Sagittaria reaches its highest concentration throughout 
the core, and Cyperaceae reappears. At the same time, upland taxa reappear or 
increase, accompanied by a decrease in Amaranthaceae, suggesting that the 
long-hydroperiod prairies changed to open water and/or sedge-sloughs (perhaps 
Eleocharis-dominant) due to the rising water table. This change, which would have 
reduced fire frequency, is supported by the continuing decrease of charcoal fragments. 
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XRF results show no signs of marine influence in Zone 3 (Fig. 5), as common 
marine indicators (Ca, Sr, and Zr) are rare or absent. During the mid-Holocene, sea 
level in southwestern Florida was at least 6 m lower than the present level (Parkinson, 
1989), and the shoreline was probably 30 km seaward relative to today (Wanless et al., 
1994), implying that marine influence was minimal or non-existent in the 
southwestern Everglades from ~5,700 to 3,800 cal yr BP.   
 Freshwater to marine transition (~3,800 to 2,200 cal yr BP) 
Zone 4 (~3,800 to 2,200 cal yr BP) represents a transitional stage from freshwater 
to brackish marsh. At around 4,000 cal yr BP, the sea level was at least 5 m lower 
than at present, with a regional sea level rise of ~0.6 mm/yr in southern Florida 
(Wanless et al., 1994). The resultant marine transgression gradually reduced the 
site-to-sea distance. This transition is clearly recorded by the palynological data (Fig. 
3). Linings of foraminifera start to appear with greater regularity at the top of this 
zone, while mangrove taxa increase in abundance beginning at ~3800 cal yr BP, 
indicating increased seawater flooding (Scott et al., 2003; Sabatier et al., 2008; 
González et al., 2010). Additionally, the abundance of Amaranthaceae and 
microscopic charcoal fragments diminishes, while Sagittaria and Typha pollen decline 
to trace values during this period, indicating a changing environment (less fresh water 
and fewer fires) with more marine influence (Willard et al., 2001; Willard and Cronin, 
2007). These palynological data clearly show a period of marine transgression from 
~3800 to 2200 cal yr BP. Similar environmental histories have been documented in 
southern Florida (Donders et al., 2005; van Soelen et al., 2010, 2012), suggesting that 
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the freshwater marshes in the southwestern Everglades were receiving more and more 
marine influence during the late Holocene. Today, similar brackish marshes occur 
between mangrove forests and freshwater marshes in the Everglades, including the 
Shark River Estuary (Willard et al., 2001). Using these as a modern analog, it could 
be inferred that during ~3800 to 2200 cal yr BP, the Shark River Estuary was probably 
occupied by grasses and Amaranthus, with some scrub red mangroves and occasional 
black and white mangroves. Salt-intolerant species like Sagittaria were no longer 
present. The frequency of fire was probably much reduced due to lower fuel loads 
(less graminoids biomass) and a 12-month hydroperiod, but with low salinity (Ross et 
al., 2000). 
 The development of mangrove scrubs (~2200 to 1150 cal yr BP) 
In Zone 5 (~2,200 to 1,150 cal yr BP), all mangrove species reach high 
percentages and gradually exceed the marsh pollen taxa. Previous palynological 
studies from mangrove areas have documented that 50% to 95% Rhizophora pollen in 
total pollen assemblages indicates a well-developed red mangrove forest (Chappell 
and Grindrod, 1985; Woodroffe et al., 1985; Behling et al., 2001; Ellison, 2008). 
Some studies have shown that the abundance of mangrove pollen production is 
positively correlated with canopy height (Gill and Tomlinson, 1977; Versteegh et al., 
2004; Van Campo and Bengo, 2004; Scourse et al., 2005). Although Rhizophora 
exceeds 50% of the total pollen sum in most samples in Zone 5 (Fig. 3), we assume it 
represents low-stature Rhizophora scrubs, because the pollen influx values of 
Rhizophora remained low during this period. Thus, Zone 5 represents a transition 
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from brackish marsh to mangrove forest. During this period, even though the 
shoreline was still undergoing transgression, the relatively stable sea level enabled 
mangroves to colonize the southern Everglades estuarine area. The multi-proxy data 
from the beginning of Zone 3 to the end of Zone 5 thus show a multi-millennial 
transition from freshwater to marine influences at the site. Similar replacement of 
freshwater marshes by low-stature mangrove scrubs has been observed at some inland 
sites in the southeastern Everglades since AD 1930 (Ross et al., 2000; 
Castañeda-Moya et al., 2013). The significantly shorter transitional time span 
involved in the recent transitions can probably be attributed to the current rapid SL 
rise rate of 3.8 mm/yr, compared with 2.3 to 0.4 mm/yr during the mid- to 
late-Holocene (Wanless et al., 1994; Ross et al., 2009). If the current rapid rate of SL 
rise continues, present coastal zonation of the Everglades can be anticipated to be 
altered in similar ways, but much more rapidly than occurred during the 
late-Holocene.  
 The establishment of coastal mangrove forests (~1,150 cal yr BP to present) 
 The multi-proxy record of Zone 6 (~1,150 cal yr BP to present) suggests an 
established coastal environment with predominately marine influences. Marine 
microfossils (foraminifera and dinoflagellates) are found in most levels in this zone. 
Indeed, high concentrations of Ca, Sr, and S characterize a coastal environment with 
increased allochthonous sediment input in this period (Davison, 1988; 
Ramirez-Herrera et al., 2012). Moreover, Zr, the main constituent for Florida beach 
sand (Miller, 1945), starts to consistently appear at ~1,150 cal yr BP (Fig. 6). 
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Figure 6. Zr concentration and influx values of selected microfossils for core SRM-1. 
The influx values of all mangrove species increase simultaneously with the 
concentration of Zr, indicating the establishment of mangrove forest and shoreline 
stabilization. 
 
Because tides (and episodic storms) are the only source that consistently carries 
marine sediments into the fringing wetlands, this chemical signature suggests that the 
coring site started to receive sand through tidal exchange at that time. Concurrently, 
the pollen influx diagram shows a significant increase in all mangrove species (Fig. 6).  
This relative shift in pollen dominance suggests that a mixed mangrove forest similar 
to today’s in structure and composition was established at the mouth of the Shark 
River Estuary around 1,150 cal yr BP. Because mangroves are generally found within 
the inter-tidal zones (Behling et al., 2001; Ellison, 2008; Urrego et al., 2009; Monacci 
et al., 2009), we propose that the modern coastal mangrove ecosystem was formed at 
Age
(cal yr BP)
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approximately the same time. Previous studies suggest that the modern coastal 
mangrove ecosystem in southwestern Florida was established about 3500 to 3000 cal 
yr BP (Parkinson, 1989; Gleason and Stone, 1994; Wanless et al., 1994). Our pollen 
and XRF data suggest a different mangrove development and history. Although 
Rhizophora is the first to arrive at the study site, Avicennia and Laguncularia are 
always present locally or in the vicinity in the last 3,000 years (Fig. 6). At 
approximately 1,150 cal yr BP, the tidal zone reached its modern position, and the 
modern shoreline occupied by mixed mangrove forest was formed at the mouth of the 
Shark River Estuary (Fig. 6). 
Conclusion 
 Our 5700-yr multi-proxy record from the southwestern Everglades has yielded 
arguably the oldest basal peat date and longest paleoecological record for the region. 
High-resolution data allowed us to reconstruct a series of changes in coastal wetlands 
at the mouth of Shark River Estuary since the mid-Holocene. We have five major 
conclusions regarding paleoecological changes occurring in wetlands that should be 
especially applicable to ongoing changes in the Everglades resulting from SL rise.  
(1)  Palynological data indicate that wetlands have been present in the southwestern 
Everglades since the mid-Holocene. Initial wetland habitats, which originated more 
than 5,700 years ago from terrestrial, non-flooded habitats, most likely resembled 
present-day short-hydroperiod graminoid-dominant marl prairies with imbedded 
longer-hydroperiod sloughs occupied by willow (Salix) and possibly buttonbush 
(Cephalanthus); these wetlands have been surrounded by upland habitats, possibly 
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pine savannas. These patterns suggest that as new wetlands originate from 
non-wetland habitats such as pine savannas, they should be similar in species 
composition, ecological fire regimes, and landscape organization to habitats currently 
present in the Everglades, to the extent that rapid formation of such wetlands does not 
interfere with colonization processes. We note that because of the current 
overwhelming presence of human ecosystems in areas most likely to become wetlands, 
most wetlands formed from SL rise will not resemble short- and long-hydroperiod 
prairies, nor will fire be a major environmental process unless management efforts are 
made to restore historical fire regimes. 
(2)  Our study site became part of the Shark River Slough basin, with a continuous 
deposition of peat around 5,700 cal yr BP. During the period from ~5,700 to 3,800 cal 
yr BP, there was little evidence of marine influence. Initially, once peat began 
accumulating, plant communities comprising short- and long-hydroperiod prairies 
with imbedded sloughs and surrounded by uplands persisted, but after ~5,250 cal yr 
BP these habitats were replaced by long-hydroperiod prairies that were herb-dominant 
and lasted about 1,000 yr. As a response to increasing, but perhaps more seasonal 
precipitation, sloughs imbedded in frequently-burned long-hydroperiod 
prairies/marshes containing Sagittaria and Typha (and most likely sawgrass, Cladium 
mariscus ssp. jamaicense, whose pollen does not tend to be preserved) were formed. 
These herbaceous-dominant habitats burned, perhaps intensely, at periodic intervals, 
setting the stage for the abundance of disturbance-stimulated taxa like Amaranthus to 
increase after fires. These data suggest that freshwater wetlands in the southwestern 
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Everglades date back to the mid-Holocene and were dynamic, changing almost 
continuously on millennial timescales. Our pollen record also suggests that as rapid 
SL rise occurs, gradual change is less likely and more extensive changes become 
compressed into much shorter time scales. 
(3)  The multi-proxy data show a clear transition from a freshwater to a 
coastal/estuarine environment, as well as shoreline transgression beginning around 
4,000 cal yr BP due to SL rise. From ~3,800 to 2,200 cal yr BP, mangrove taxa and 
marine planktons increased in the sedimentary record as a result of increased marine 
influence caused by rising sea level. This pattern also indicates a shift from a 
freshwater to a brackish wetland as marine influence (e.g., tidal inundation) increased. 
Over the next 1,050 years, relatively stable sea levels allowed the colonization of 
mangroves, causing a shift to mangrove-dominant forest in the southwestern 
Everglades. These changes occurred as the shoreline was still going through a 
transgression process. Compressing the changes with rapid SL rise, especially if 
hurricane frequency and intensity also increase, may result in rapid inland shifts of 
marine influences (e.g., salinity). Thus changes from freshwater to saline habitats are 
likely to be even more accelerated, resulting in further reductions in the likelihood 
that fresh-water species and short- and long-hydroperiod habitats might be able to 
move inland.  
(4)  At around 1150 cal yr BP, a mixed mangrove forest was established at the 
present-day Shark River estuary. Accelerated SL rise should both generate new habitat 
suitable for mangroves, but also remove current shoreline habitats. Thus, accelerated 
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SL rise should result in mangrove forests that do not reach the ages that they used to 
when shorelines were transgressing more slowly or were stable. Such dynamics 
should result in a dynamic non-equilibrium front of developing mangrove forest that 
moves inland, but is lost on the oceanward side at rates dependent on SL rise and 
hurricane frequency and intensity. 
(5) Results from this study suggest that the modern mangrove-dominant shoreline at 
the mouth of the Shark River is more than 2,000 years younger than previously 
estimated (Parkinson, 1989; Gleason and Stone, 1994; Wanless et al., 1994; Lodge, 
2010). Since the Shark River Slough is the largest freshwater outlet in the Everglades, 
its unique hydrological and ecological settings might have caused this inconsistency 
when comparing with other mangrove timelines proposed for other study sites. 
Therefore more regional paleoenvironmental works are needed to verify the mangrove 
development history along the diverse southwest Florida coastlines. 
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Supplement Figure 1. Ten grams of bulk sediment samples were taken at 445-446 
cm from core SRM-1 and submitted to Beta Analytic Inc., in Miami, Florida, for 
AMS 
14
C dating. The sample is sieved and separated into: (a) organic silt fraction 
containing decomposed or broken debris of leaves or wood; (b) plant fiber fraction 
containing predominantly elongated plant fibers that resembled rootlets or root hairs. 
The green dot is 24mm in diameter. 
 
 
 
 
Supplement Figure 2. Ten grams of bulk sediment samples were taken at 373-374 
cm from core SRM-1 and submitted to Beta Analytic Inc., in Miami, Florida, for 
AMS 
14
C dating. The sample is sieved and separated into: (a) organic silt fraction 
containing decomposed or broken debris of leaves or wood; (b) plant fiber fraction 
containing predominantly elongated plant fibers that resembled rootlets or root hairs. 
The green dot is 24mm in diameter. 
a b
a b
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CHAPTER 5. A PALEOECOLOGICAL RECORD OF HISTORICAL 
HURRICANE EVENTS FROM THE FLORIDA EVERGLADES 
Introduction 
 Paleotempestology, a relatively young field in the geosciences (Liu, 2004, 2007), 
provides a means to reconstruct the occurrence of paleohurricane events from the proxy 
record. The most useful proxy is overwash sand layers preserved in sediment cores 
retrieved from coastal lakes and marshes (Liu and Fearn, 1993, 2000; Donnelly et al., 
2001; Liu, 2004). The principle underlying this research methodology is that when 
storm surges generated by intense hurricanes overtop the sand barriers, sand will be 
washed over into the backbarrier lakes and marshes, forming an overwash sand layer 
in the sedimentary record which can later be identified by loss-on-ignition (LOI) 
analyses and other sedimentological techniques (Liu, 2004; Dean, 1974). By means of 
radiometric (
137
Cs, 
210
Pb, and 
14
C) dating of these cores, a paleohurricane record can 
be established. 
 In addition to LOI, X-ray fluorescence (XRF) analysis has also been successfully 
used in paleotempestological studies (Liu et al, 2014). XRF analysis measures the 
concentration of the common chemical elements on the periodic table and is widely 
used in coastal studies to identify the origin of different sediment sources (van Soelen 
et al., 2012; Ramirez-Herrera et al., 2012). Paleotempestological studies from Gulf 
Coast locations have yielded millennial records of recurrent major hurricane strikes and 
vegetation changes during the late-Holocene (Liu and Fearn, 1993, 2000; Liu et al., 
2008). However, no paleohurricane proxy record exists in south Florida. In this paper, 
we demonstrate that XRF analysis can be used along with other proxies to identify 
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paleohurricane events in sand-limited coastal wetland environments based on a peat 
core retrieved in the Everglades National Park (ENP). This core captures 5700 years of 
sedimentary record and the distinctive carbonate-rich clastic layer left by Hurricane 
Wilma (2005) at the top of the core (Fig. 6) (Castañeda-Moya et al, 2010). We aim to (1) 
identify the sedimentary signature of Hurricane Wilma (2005) by multi-proxy analyses 
(LOI, XRF, pollen); and (2) use this intense storm as a modern analog to reveal other 
paleohurricane events in the sedimentary record based on statistical analyses of XRF 
and LOI results. This study will fill an important data gap in the paleotempestology data 
network between the Gulf of Mexico coast and the Atlantic coast of the U.S. by 
recording the paleohurricane activities for South Florida. This study is also expected to 
contribute to the methodological advancement of paleotempestology by exploring the 
application of geochemical proxies in non-limnic, sand-limited tropical coastal and 
mangrove-dominant wetlands.  
Study area 
Our study site (25°21’10”N, 81°6’52”W) is located on the edge of Ponce de Leon 
Bay, at the mouths of Whitewater Bay and Shark River Estuary (Fig. 1). It is situated 
in a fringing mangrove forest, where Laguncularia racemosa (white mangrove) and 
Rhizophora mangle (red mangrove) are co-dominant species (Chen and Twilley, 1999 a 
and b). Previous studies in the south Florida region indicate that wetland peat began 
accumulating over a platform of limestone bedrock at least by 5,000 
14
C yr BP (Gleason 
and Stone, 1994), whereas mangrove forests appear to have established on this thick 
peat layer along coastal margins about 3,500 
14
C yr BP, when sea-level stabilized  
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Figure 1. A) Location of the Shark River Slough (SRS) and Everglades National Park, 
South Florida; B) Dot indicates coring site (SRM) at the mouth of Shark River; C) 
Mangrove forest impacted by Hurricane Wilma in 2005 at the sampling location (base 
map adapted from FCE LTER, http://fcelter.fiu.edu.) 
 
(Parkinson, 1989; Wanless et al., 1994). Historically, water overflowing Lake 
Okeechobee and associated rainfall results in a southward sheet flow along a gentle 
slope of ~3 cm/km down Shark River Slough into Shark River Estuary (Lodge, 2010). 
Since the early 20
th
 century, anthropogenic activities (agriculture and urbanization) 
have dramatically reduced the seasonality of freshwater flow throughout the 
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Everglades (Light and Dineen, 1994) and have affected surface and groundwater flows 
in this coastal region (Saha et al. 2012).  
During the last 160 years, 46 major (category 3-5 according to the Saffir-Simpson 
scale) hurricanes have crossed south Florida with an average return interval of 3.5 years 
(NOAA, 2013). During the 20
th
 century, two category 5 hurricanes directly struck the 
Everglades in 1935 and 1992 (Elsner and Kara, 1999). Wilma, the most recent major 
hurricane to cross our study site, made landfall as a category 3 storm in 2005 
(Castañeda-Moya et al, 2010). Strong winds and storm surge from this hurricane caused 
damage to approximately 1,250 ha of mangrove forest along the west coast of the ENP, 
resulting in 90% mortality of trees with diameters at breast height greater than 2.5 cm 
(Whelan et al., 2009; Smith et al., 2009). The storm surge flooded the study site with 3 
- 4 m of water and deposited 3 cm of marine sediment as far as 10 km inland 
(Castañeda-Moya et al., 2010). 
Materials and methods 
 Sedimentary record 
A 525 cm core (SRM-1) was retrieved at the study site in May 2010 using a 
Russian peat borer. The top 445 cm of the core was used for proxy studies because it 
contains the depositional history of the peat-forming coastal wetlands in the 
Everglades. X-ray fluorescence (XRF) analysis is performed on the peat sediments at 
2 cm intervals, and the elemental concentrations (ppm) of 9 common chemical 
elements (Ca, Sr, S, Fe, Cl, K, Ti, Zr, Br) are reported in this study. Loss-on-ignition 
(LOI) analysis was performed at the same intervals to establish core stratigraphy 
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(Dean, 1974). Samples were heated at 105°C to calculate %water (wet weight), 550°C 
for %organics (dry weight), and 1000°C for %carbonates (dry weight). In total, the 
445 cm of deposits were divided into 223 sediment layers, and each layer is 
represented by a set of LOI and XRF data. Five samples of 1.8 mL sediments were 
taken from the top 40 cm of the core at 5 to 10 cm intervals for palynological analysis. 
Samples were processed using standard procedures (Liu et al., 2011, Kiage and Liu, 
2009). More information about the processing of pollen is described in Chapter 3. 
Approximately 300 grains of pollen and other microfossils (foraminifera and 
dinoflagellates) were counted in all samples. Identification of the microfossils was 
based on published pollen illustrations by McAndrews et al. (1973) and Chmura et al. 
(2006). 
Fourteen samples from core SRM-1 were used for AMS 
14
C measurements (Table 
1, Fig. 2). Ten samples consisting of leaf fragments and wood pieces selected under a 
dissecting microscope were sent to the NOSAMS Laboratory at Woods Hole 
Oceanographic Institution. In addition, approximately ten grams of bulk sediments 
each were taken at 374 and 446 cm from core SRM-1 and submitted to Beta Analytic 
Inc., in Miami, Florida for duplicated AMS 
14
C measurements. The age model is 
developed with BACON version 2.2 (Blaauw and Christen, 2013). More information 
about the chronology of core SRM is described in Chapter 4. The ages described in 
this paper are reported as calibrated years before present (cal yr BP). 
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Table 1. Radiocarbon dating results for core SRM-1. Dates in parentheses are rejected 
due to extreme age reversal. 
Sample  
ID 
Depth  
(cm) 
Material Conventional  
C
14
 age (yr BP) 
2-σ Calibrated  
range (Cal yr BP) 
OS-960a2    56 Leaf 145 ±25 0 - 280 
OS-83953    139 Leaf 1180 ±30 990 - 1180 
OS-90704    179 Leaf 1940 ±30 1820 – 1970 
OS-95704    243 leaf 2860 ±30 2880 – 3070 
OS-83943    246 Wood 155 ±25  (Rejected) 
OS-90685    246 Wood > Modern  (Rejected) 
OS-93264    260 Leaf 2240 ±30 2150 - 2340 
OS-96061    300 Bark 3540 ±35 3700 – 3910 
Beta-345774 374 Organic silt 4160 ±30 4780 - 4830 
Beta-346208 374 Roots 2940 ±30 3000 - 3210 
OS-96060    440 Leaf 1090 ±20 (Rejected) 
Beta-345775 446 Organic silt 5800 ±30 6500 - 6670 
Beta-346209 446 Roots 4060 ±30 4760 - 4800 
OS-84455    448 Plant debris 6620 ±260 6940 – 7980 
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Figure 2. Lithology and the age-depth model for the core. The age-depth model is 
developed by BACON and based on 11 calibrated C
14
 ages (2-σ Calibrated range). 
The yellow curve shows the 'best' estimated age for each depth based on the weighted 
mean age. The surface (0 cm) of the core is assigned as -55 cal yr BP because it is 
identified as the Hurricane Wilma deposit (2005). Further information about 
radiocarbon dates is shown in Table 1. 
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 Statistical analysis 
By using the IBM SPSS version 22.0, principal components analysis (PCA) is 
performed on all the LOI and XRF datasets to reveal their internal statistical structure. 
The PCA results provide a basis to classify the stratigraphic samples into statistically 
meaningful groups, which can be interpreted in terms of the regular peat deposits or 
paleohurricane deposits. In addition, discriminant analysis (sensu Liu and Lam, 1985, 
Lu and Liu, 2005), an inferential statistical technique, was performed using the same 
program to classify the LOI and XRF datasets with reference to the a priori groups 
suggested by the PCA results. These predicted group memberships demonstrate which 
sediment layers share the same LOI and XRF signatures as Hurricane Wilma deposits 
and therefore permit the identification of paleo-storm deposits based on their 
sedimentological and geochemical properties. 
Results 
 Radiocarbon dating 
 Among the 14 AMS 
14
C dates obtained from NOSAMS and Beta Analytic, three 
anomalously young dates retrieved at 246 cm and 440 cm are rejected due to extreme 
stratigraphic reversal (Table. 1). The surface (0 cm at -55 cal yr BP) and 11 valid 
14
C 
dates are used to construct the age-depth model by BACON v2.2 (Fig. 2). The result 
shows that the “best” age-depth model (yellow curve) based on weighted mean age of 
each depth is very close to a polynomial line intercepting 
14
C dates at 56 (178 cal yr 
BP), 139 (1138 cal yr BP), 179 (1872 cal yr BP), 243 (2947 cal yr BP), 300 (3777 cal 
yr BP), and 374 (organic silt) (4658 cal yr BP) cm. We pick a bottom date of 
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approximately 5700 cal yr BP at 450 cm based on estimation of the “best” age-depth 
model. More detailed information about the radiocarbon dating of core SRM is 
described in Chapter 4. 
 Core Stratigraphy 
 Core SRM-1 consists of 4 different sediment types. The bedrock substrates consist 
of homogeneous clay (525-485 cm) and marl (485-445 cm) and they are older than the 
oldest dated sediments in the core (Fig. 2). Above the basal sediments are more than 4 
m of contiguous peat (445-10 cm) (Fig. 2). At the top of the core is 10 cm of 
calcareous clastic sediments (10-1 cm) (Fig. 6). We divided the peat sediments 
(445-10 cm) into 2 stratigraphic zones, based on their sediment stratigraphy and 
chemical characteristics revealed by LOI and XRF analyses (Fig. 3). 
 Zone 1 (445-125 cm, 5700-1150 cal yr BP) 
Loss-on-ignition results indicate that the peat sediments in Zone-1 have very high 
contents of water (>80% wet weight) and organic matter (>50% dry weight) and low 
concentration of carbonates (15-20% dry weight) (Fig. 3). XRF data show that the 
elemental concentrations of Ca (< 1000 ppm), Sr (< 30 ppm), S (< 5000 ppm), Fe (< 
2000 ppm), K (< 600 ppm), Ti (< 100 ppm), and Zr (< 10 ppm) are relatively low (Fig. 
3). The LOI and XRF values are generally stable within this zone, except for sediment 
layers at approximately 250-255 cm and 165-175 cm where there are abrupt increases 
in Cl (>15000 ppm) (Fig. 3). 
 Zone 2 (125-10 cm, 1150 cal yr BP to present) 
 The values of %water of Zone-2 remain very high (>80% wet weight), and the  
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Figure 3. Loss-on-ignition and XRF diagram of core SRM-1. Loss-on-ignition diagram presents the % wet weight for water, and % dry weight 
for organics and carbonates. Six Intercepted radiocarbon dates and estimated bottom age of the core are based on the single 'best' model on 
Figure 2 (yellow curve). The arrows indicate the occurrence of hurricane Wilma (2005) and six inferred hurricane events (47-53, 67-79, 85-97, 
115-121, 165-175, and 250-255 cm). (* In order to show the variations of Ca and Sr of the sediments below 10 cm, the maximum concentrations 
of Ca of Sr are set to be 30000 and 100 ppm instead of 100000 and 600 ppm.) 
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elemental concentrations of Ca, Sr, S, Fe, K, Ti, and Zr in these sediments are higher 
than Zone 1 (Fig. 3). Especially at approximately 50, 70 and 120 cm, three peat levels 
exhibit very high values of Ca (>15,000 ppm), Sr (>50 ppm), and S (>10,000 ppm) 
comparing with the rest of the sediments in the core. The elemental concentrations of 
Cl and Br remain relatively stable (Fig. 3). 
 The top 10 cm 
The top 10 cm of the core consists of calcareous clastic sediments, as indicated by 
LOI, XRF, and visual analyses. The contents of water (50-70% vs >80%) and organic 
matter (20-25% vs 40-60%) in these sediments are significantly lower than those in 
the underlying peat, but carbonate content is much higher (30-35% vs 10-15%). The 
concentrations of Ca, Sr, and Zr in the top 10 cm are 10 to 100 times higher than in 
the underlying peat (Fig. 3). The palynological analysis reveals higher percentages 
and influx values of Conocarpus, Pinus, Quercus, and Amaranthaceae (Fig. 3). 
Additionally, dinoflagellate and foraminifera linings both appear at high 
concentrations. 
 Numerical analysis of proxy data 
 The PCA plots of 12 proxies (elemental concentration Ca, Sr, S, Fe, Cl, K, Ti, Zr, 
Br, and percentages of water, organics and carbonates) and 223 sediment layers are 
shown in Figure 4. On the biplot of principal component loadings for the 12 proxies 
(Fig. 4a, Table 2), the first two principal components account for 34% and 33.9% of 
the variance, respectively. Fe, S and Br have the highest positive loadings exclusively 
on principal component 1, whereas %Carbonate has the most negative loadings. On 
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the second principal component, Ca and Sr have the highest positive loadings, 
whereas %Water has the most negative loading. Therefore, among the 12 total proxy 
measurements, only %Water, %Carbonate, Ca, Sr, S, Fe and Br are considered 
relevant proxies and used for statistical analysis of the 223 peat sediment layers. 
 On the biplot of principal component loadings for the 223 sediment layers (Fig. 
4b), the first 2 principal components account for 72.8% and 20.1% of the variance, 
respectively. Sediment layers deposited by hurricane Wilma (W1-W7) and 15 other 
sediment layers at various depths (47, 53, 67, 69, 73, 75, 79, 85, 91, 93, 97, 113, 115, 
119, 121cm) have the highest scores on component 2 and lowest scores on component 
1. Samples from Zone-1 (previous described) score lowest on component 2 and 
highest on component 1. The rest of sediment layers in Zone-2 have moderate scores 
on component 1 and 2. Thus, the results of the PCA ordination analysis suggest that 
the 223 sediment layers can be divided into 3 primary groups: (1) Zone-1; (2) 
non-hurricane deposits in Zone-2; (3) hurricane deposits (hurricane Wilma deposits 
and 15 other sediment layers). These three groups are quite well-defined with little 
overlap among them (Fig. 4b). 
 Discriminant analysis was used to validate the classification of the 3 primary 
groups and to generate probability estimates for statistical inference. Most of the 
samples (98.2%) are correctly classified into their respective a priori groups (Table 3). 
Figure 5 shows the 3 groups of surface samples plotted against discriminant functions 
1 and 2, which account for 72.3% and 27.7% of the variance, respectively. Again, the 
3 groups and their centroids are clearly distinct from each other with a few overlaps 
127 
 
between groups. The high degree of correct classification suggests that the 
identification of the hurricane deposits is statistically robust (Fig. 5). These results 
indicate that the numerical analyses of multi-proxy records can be used to infer the 
paleohurricane events from the coastal Everglades. 
Table 2. Rotated Component Matrix of the Principal Component Analysis performed 
on the 12 proxies from multi-proxy data of core SRM-1. Rotation Method is Varimax 
with Kaiser Normalization. Rotation converged in 3 iterations. 
 
Component 
1 2 
% Water  -.838 
% Organic -.655 -.654 
%Carbonate -.803  
Ca  .882 
Sr  .957 
S .620  
Fe .782  
Cl   
K .729 .552 
Ti .766 .506 
Zr .559 .772 
Br .531  
 
Table 3. Classification results of the discriminant analysis performed on the 223 
sediment layers from core SRM-1. 98.2% of original grouped cases correctly 
classified. a. Number of samples classified as that group. b. Percentage of samples 
classified as that group. 
 
Origin 
Predicted Group Membership 
Total  1 2 3 
Original 
count 
a
 
1 172 0 0 172 
2 4 28 0 32 
3 0 0 14 14 
% 
b
 1 100.0 .0 .0 100.0 
2 12.5 87.5 .0 100.0 
3 .0 .0 100.0 100.0 
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Figure 4. a) PCA biplot showing coordinates of the 12 proxies plotted along 
component 1 and component 2. b) PCA biplot showing coordinates of the 223 
sediment layers plotted along component 1 and component 2. W1-W7 represents 7 
sediment layers deposited by Hurricane Wilma. Other sample ID shows the depth of 
the sediment layer in the core (e.g. Sample S100 is at 100 cm from the top of the core). 
PCA ordination analysis delineates 15 sediment layers (47, 53, 67, 69, 73, 75, 79, 85, 
91, 93, 97, 113, 115, 119, and 121 cm) into the same primary group with hurricane 
Wilma deposits (W1-W7). 
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Figure 5. The 223 sediment layers plotted against canonical discriminant functions 1 
and 2 and their classification into three primary groups corresponding to (1) Zone-1; 
(2) non-hurricane deposits in Zone-2; (3) hurricane deposits (hurricane Wilma 
deposits and 15 other sediment layers). 
 
Discussion 
 Sedimentary signatures of Hurricane Wilma (2005) 
The top 10 cm of the calcareous clastic sediments in core SRM-1 has been 
identified as hurricane deposits from Hurricane Wilma in 2005 by a previous study 
(Castañeda-Moya et al., 2010). Figure 6 summarizes the sedimentary, chemical, and 
palynological characteristics of this storm deposit. This clastic layer has higher 
concentrations of marine planktons (foraminifera and dinoflagellates), carbonates, and 
Zr, and the content of Ca and Sr is significantly higher than the underlying peat    
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(up to 100 times). High contents of Ca and Sr have been described as indicators of 
marine incursions in previous studies from southwestern Florida (van Soelen et al., 
2012) and elsewhere (Ramirez-Herrera et al., 2012). In addition, the principal source 
of Zr, zircon (ZrSiO4), is a common constituent of Florida beach sands (Miller, 1945; 
van Soelen et al., 2012). Thus, high concentration of these minerals indicates that the 
top 10 cm of the core came from an allochthonous marine sediment source, most 
likely located along the nearshore shelf of southern Florida (i.e., Ponce de Leon Bay), 
where carbonate mud, shell fragments, and silica sand accumulate (Lodge, 2010). 
Pollen analysis indicates that deposits from Hurricane Wilma contain high 
percentages of regional pollen taxa (Conocarpus, Pinus, Quercus, and Amaranthaceae) 
(Fig. 6). However, these plants are absent at the coring site, a fringe mangrove forest 
(Chen and Twilley, 1999b). Some studies indicate that offshore sediments from a 
delta system contain pollen transported throughout the entire drainage system rather 
than local coastal areas (Chmura et al., 1999). These results suggest that during a 
high-energy overwash event, pollen deposited offshore would be transported to the 
coastal mangrove forest along with the clastic marine sediments. Thus, the pollen 
assemblage in the Wilma deposit carries a regional rather than local pollen signal. 
Overall, the sedimentary, chemical, and palynological results suggest that deposits 
from Hurricane Wilma have distinctive characteristics that can be used as a modern 
analog to help identify past hurricane deposits in this region. 
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Figure 6. Lithologic, chemical, and palynological characteristics of Hurricane Wilma storm deposit (top 10 cm) compared with the underlying 
wetland peat. From left to right is the photo of the sediments, lithology, loss-on-ignition data, XRF data, and pollen diagram.
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 Paleo-hurricane events 
 After identifying the most relevant proxies (%Water, %Carbonate, Ca, Sr, S, Fe, 
and Br), PCA ordination analysis and discriminant analysis delineate 15 other 
sediment layers as potential hurricane deposits (Fig. 4, 5). These potential hurricane 
layers fall into 4 stratigraphic units, which are inferred as 4 paleo-hurricane events 
(Fig. 3). There are event 3 around 950 cal yr BP (115-121 cm), event 4 around 580 cal 
yr BP (85-97 cm), event 5 around 350 cal yr BP (69-79 cm), and event 6 around 120 
cal yr BP (47-53 cm). Each paleo-hurricane event is represented by a sediment layer 
that is 7 to 10 cm thick due to fast deposition rate and sediment mixing during a storm 
surge. The age of each paleo-hurricane event is based on the median age of the storm 
deposit.  
Similar to the Wilma deposit, sediment layers of events 3, 4, 5, and 6 contain high 
values of Ca and Sr (Fig. 3, 6), which are clear evidence of marine clastic sediments 
(Ramirez-Herrera et al., 2012). When compared with the Wilma signature, however, 
all paleo-event layers contain less Ca and Sr, but a higher concentration of S. In 
general, mangrove soils are slightly acidic (pH <6.0) due to the accumulation of 
hydrogen sulfide (H2S) and ferrous sulfide (FeS), which are formed by 
sulfur-reducing bacteria and other bacteria under anaerobic soil conditions (Arkesteyn, 
1980; Burgin and Hamilton, 2008). In an acidic environment, Ca and Sr are gradually 
dissolved and mobilized at greater depths of the core. This process explains the lower 
Ca and Sr values detected in event layers 3 to 6; as a result, these elements can no 
longer be used as hurricane indicators in sediments older than 1 ka. By contrast, sulfur, 
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another common marine indicator, occurs in high concentrations in event layers 3 to 6 
but is inconspicuous in the Wilma layer. Sulfur occurs in marine sediments mainly as 
pyrite (Davison, 1988). The reason why the Wilma layer does not show a relatively 
higher concentration of S is probably because surface sediments in the Shark River 
region are slightly oxidized (100-150 mv) (Castañeda-Moya et al., 2013), forming 
sulfate (SO4) as pyrite is oxidized when exposed to O2 (Arkesteyn, 1980). Sulfate is 
highly soluble in water, which makes it difficult to detect by the hand-held XRF 
device. At deeper soil depths, where anoxic conditions are predominant, the sulfate in 
hurricane deposits is reduced and becomes detectable again. This post-diagenetic 
biogeochemical transformation in the mangrove sediments sulfur cycles could explain 
the higher concentration of S detected in hurricane layer 3 to 6 than in the Wilma 
layer, particularly given its recent deposition. 
Although classified as regular peat deposits in Zone-1 by PCA and discriminant 
analysis, sediment layers at approximately 250-255 cm and 165-175 cm are inferred 
as paleo-hurricane event 1 (3000 cal yr BP) and event 2 (1700 cal yr BP) because of 
high levels of Cl (Fig. 3). There are evidences showing that the sea-level in 
southwestern Florida was at least 6 m lower than the present level and the shoreline 
was probably 30 km seaward relative to today’s at ~3500 cal yr BP (Parkinson, 1989; 
Wanless et al., 1994). Considering the relatively stable rate of sea-level rise (0.4 
mm/yr) during the late Holocene (3000–2500 cal yr BP) across the western North 
Atlantic (Wanless et al., 1994; Ross et al., 2009; Behling et al., 2001), we infer that 
our study site currently at the mouth of the Shark River Estuary was still at some 
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distance inland from the former shoreline in the period from ~3000 to 1700 cal yr BP 
(245 – 165 cm in the core). Therefore, extremely high-energy events could have 
introduced large quantities of seawater to the coring site and caused salt accumulation, 
resulting in high concentrations of Cl in the sediment layers of events 2 and 1. But at 
that time the study site was still located beyond the distance reachable by clastic 
sediments carried as bed load by storm surge waters; hence the absence of a distinct 
clastic sediment layer and the low concentrations of Ca, Sr, and S associated with 
these early events. The absence of Cl in events 3 to 6 is probably due to regular tidal 
flushing.  
Previous observational and modeling studies suggest that the effects of storm 
surges can extend up to 10 km inland in the coastal Everglades (Wanless et al., 1994; 
Lodge, 2010, Castañeda-Moya et al., 2010). The absence of sedimentary or 
geochemical evidence of storm deposition in the lower part of the core suggests that 
the site was not sensitive to storm surges prior to ~3000 cal yr BP due to the larger 
site-to-sea distance. Our proposed storm record for the coring site is also consistent 
with other studies indicating increased hurricane activity along the Gulf Coast during 
the late-Holocene (Liu and Fearn, 1993, 2000; van Soelen et al., 2012; Lane et al., 
2011). 
 Environmental reconstruction 
Although visual inspection does not show any differences between peat deposits 
in Zone-1 and Zone-2, Chapter 4 describes that sediments in Zone-2 receive much 
more marine influence than sediments in Zone-1. XRF analysis shows that sediments 
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in Zone-2 (1150 cal yr BP to present) have much higher contents of Ca, Sr, S, Fe, K, 
Ti, and Zr than sediments in Zone-1 (5700-1150 cal yr BP). A significant increase in 
the pollen influx values of all mangrove species indicate that the modern mangrove 
coastline was established at site SRM at ~1150 cal yr BP (Chapter 4). These 
evidences correspond with results from PCA and discriminant analysis that Zone-1 
and Zone-2 are delineated into different primary groups (Fig. 4b, 5). 
Conclusion 
This multi-proxy record from the southwestern Everglades has yielded 
high-resolution data allowing us to detect the occurrence of paleo-hurricane events in 
coastal wetlands at the mouth of Shark River Estuary during the late Holocene. By 
using the sedimentary signature of Hurricane Wilma as a modern analog and 
statistical analyses of the multi-proxy record, six major hurricane events are inferred 
at ~3000, 1700, 950, 580, 350, and 120 cal yr BP. The numerical analysis also 
confirms that the modern mangrove coastline was formed at the mouth of the Shark 
River by ~1150 cal yr BP, as the shoreline became stabilized 
This study produces the first multi-proxy record of paleo-hurricane activities for 
South Florida, which is vital for the study of global climate change and forecasting 
future impacts of tropical cyclones. The study also introduces an application of 
numerical analysis to paleotempestology studies. Further paleoecological studies are 
needed to produce a high-resolution pollen record for the better understanding of the 
post-storm process of forest succession and habitat recovering in the Everglades 
landscape. 
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CHAPTER 6. A PALYNOLOGICAL STUDY OF WETLAND DEVELOPMENT 
IN THE SHARK RIVER ESTUARY, EVERGLADES, FLORIDA, SINCE THE 
MID-HOLOCENE 
Introduction 
 Because of their location at the transition zone between river and maritime 
environments, estuarine wetlands are complex and dynamic ecosystems subjected to 
both riverine influences (i.e. fresh water discharge and sediment input) and marine 
influences (i.e. sea-level changes, tides, and waves). These dynamic allogenic forces 
make these wetlands among the most productive natural habitats in the world.  
The Everglades have some of the most productive mangrove estuaries in the 
world (Lodge, 2010), and they have been subjected to profound hydrological changes 
due to human activities in the south Florida since AD 1930 (Wanless et al, 1994). 
There are no consistent views regarding the long-term response of estuarine wetland 
to environmental changes. Since the processes that affect estuarine ecosystems 
operate at a centennial to millennial timescale, an historical perspective will help to 
understand the long-term estuarine vegetation dynamics in response to environmental 
changes. However, there are few paleoecological studies available from the 
Everglades, and no pollen record is older than 5000 cal yr BP (Willard and Bernhardt, 
2011), a crucial time when vegetation started to flourish on the Florida platform. With 
these points in mind, we examined four sediment cores recovered from a 20 km 
transect along the Shark River Estuary in the Everglades National Park (ENP) (Fig.1), 
the largest freshwater outlet of the largest contiguous mangrove swamp in North 
America (Lodge, 2010). 
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At least 5,700 years of peat archives are recovered in our cores. In this paper, we 
present palynological, X-ray fluorescence (XRF), and loss-on ignition data of these 
archives. Our goal is to document the millennial-scale estuarine vegetation dynamics 
driven by climatic variations and sea-level rise in the Everglades. Our study provides 
the oldest pollen record to date from the Everglades and generates new 
paleoenvironmental data that will aid our understanding of contemporary coastal 
process in subtropical estuarine wetlands. 
 
 
Figure 1. Location of the Shark River Slough (SRS) is on the top left side (base map 
adapted from FCE LTER: http://fcelter.fiu.edu). Pictures on the right side are the aerial 
photos of study site SRS-4, SRS-5, and SRS-6. Picture on the bottom left side is the 
satellite photo of site SRM. Red stars represent the exact coring location. Site numbers 
are tied to core ID described in Table 1.
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Table 1. Key features of the pollen results of each core and description of the study sites. Latitudes and longitudes for sites are determined using 
global positioning systems. Composition of the above ground biomass of site SRS-4, SRS-5, and SRS-6 is retrieved from Castañeda-Moya 
(2010). Composition of the above ground biomass of site SRM is based on observation and field notes. Up arrow (↑) represents increase in 
pollen percentage. Down arrow (↓) represents decrease in pollen percentage. 
Core 
ID 
GPS Site description 
(above ground biomass) 
Pollen zone 
(cal yr BP) 
Modern 
analog 
Pollen signature 
(total pollen sum) 
SRM 25°21'10"  
-81°06'52" 
Heavily deforested by 
Hurricane 
Avicennia fringe, 
Laguncularia/Rhizophora 
co-dominant 
no Conocarpus 
I:  
> 5700 
Marl prairie Pinus 20-30%, Quercus 5-10%, Salix >30%, Poaceae 15-20% 
II:  
5700-3800 
Freshwater 
marsh 
↑: Amaranthaceae >50%, Sagittaria 5-15%, Pinus 10-30%, Rubiaceae 0-30%, 
Poaceae 5-20%,  
III: 
3800-1140 
Brackish 
marsh 
↑: Poaceae >15%, Rhizophora 0-50% 
↓: Amaranthaceae 35-75% 
IV: 
1140-present 
Mangroves ↑: Rhizophora >50%, Laguncularia 5-15%, Avicennia 5-25%, Conocarpus>5% 
↓: Amaranthaceae 5-15%, Poaceae <15% 
SRS-6 25°21'53" 
-81°04'41" 
Laguncularia >40% 
Rhizophora >25% 
Avicennia >25% 
No Conocarpus 
I:  
>4800 
Marl prairie Amaranthaceae >80%, Poaceae 0-10% 
II: 
4800-3430 
Freshwater 
marsh 
↑: Amaranthaceae >90% 
↓: Sagittaria 0-2%, Pinus 0-2%, Poaceae 0-2% 
III: 
3430-1060 
Brackish 
marsh 
↑: Mangroves, Pinus >10%, Morella 0-5%, Asteraceae 5-10%, Poaceae 5-10% 
↓: Amaranthaceae 30-75%, Sagittaria disappear 
IV:  
1060-present 
Mangroves ↑: Rhizophora >20%, Laguncularia 5-30%, Pinus >15 
↓: Amaranthaceae <30% 
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Table 1 cont. 
SRS-5 25°22'37" 
-81°01'57" 
Tall Rhizophora >80% 
few Laguncularia and 
Avicennia 
No Conocarpus 
II: 
4500-2380 
Freshwater 
marsh 
Amaranthaceae >50%, Sagittaria 5-15%, Pinus 10-60%, Poaceae >10%, 
Cyperaceae 2-5% 
III: 
2380-860 
Brackish 
marsh 
↑: Mangroves, Pinus >15%, Poaceae 15-30%, Quercus >5%, Morella >5%, 
Asteraceae >3% 
↓: Amaranthaceae 30-50%, Sagittaria 0-5% 
IV:  
860-present 
Mangroves ↑: Rhizophora >20%, Laguncularia 0-5% 
↓: Amaranthaceae <25% 
   
SRS-4 25°24'34" 
-80°57'51" 
Scrub Rhizophora >60% 
Laguncularia > 
Conocarpus, no Avicennia 
I:  
>4400 
Marl prairie Pinus >50%, Poaceae >15%, Amaranthaceae >30% 
II: 
4400-2330 
Freshwater 
marsh 
↑: Amaranthaceae >50% 
↓: Pinus 10-25%, Poaceae <15%, 
III: 
2330-860 
Brackish 
marsh 
↑: Mangroves, Pinus >20%, Poaceae >15% 
↓: Amaranthaceae 40-50%, 
IV: 
860-present 
Mangroves ↑: Rhizophora >10, Laguncularia 2-5, Conocarpus 0-25, Morella >15, 
Poaceae >20 
↓: Amaranthaceae 30-40% 
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Study area 
 Site description 
The ENP is located at the southern tip of the Florida peninsula (Fig. 1), a 
permeable plateau of limestone sitting atop the Florida Platform. At ~25° N, the 
climate of the ENP is mild with an average annual precipitation of 125 to 152 cm 
(Lodge, 2010). During the dry season (December-May), weather is pleasant with an 
average temperature between 25°C and 12°C. During the wet season 
(June-November), weather is hot and humid, with an average temperature around 
32°C and humidity over 90%. The wet season coincides with the Atlantic Hurricane 
season; therefore tropical storms are common during the wet season. During the last 
160 years, 46 major (category 3-5 according to the Saffir-Simpson scale) hurricanes 
have crossed the ENP with an average return interval of 3.5 years (NOAA, 2013). 
The coastal area of the ENP, from Naples to Florida Bay, are covered by 
approximately 15,000 ha of dense mangrove forests (Simard et al, 2006).The interior 
part of the ENP contains 1,050,000 ha of sawgrass marshes, sloughs, wet prairies, and 
pinelands (Bernhardt and Willard, 2009). Previous study shows that these densely 
vegetated wetlands are phosphate-limited (Castañeda-Moya et al., 2010), and the 
limited nutrient is supplied by the Gulf of Mexico, rather than the upper watershed 
(Chen and Twilley, 1999 a, b).  
The Shark River Estuary is the biggest freshwater outlets in the ENP. During the 
wet season, water overflowing Lake Okeechobee and associated rainfall result in a 
southward sheet flow along a gentle slope of ~3 cm/km into SRS. The water entering 
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SRS flows through long-hydroperiod prairie sloughs into mangrove swamps at the river 
estuary and then into Whitewater Bay or the Gulf of Mexico along the southwestern 
coast of Florida (Lodge, 2010).  
The study area - the Shark River Estuary, encompassing 4 study sites along a 
transect, lies roughly between 25°21'10" and 25°24'34.4"N latitude, and between 
81°06'52" and 80°57'51.3" W longitude (Fig. 1). Site SRM is located at the mouth of 
the Shark River Estuary, and site SRS-6, SRS-5, and SRS-4 are located at 
approximately 4 km, 8 km, and 20 km upstream from the mouth, respectively. Tides 
at the Shark River Estuary are semi-diurnal with 1.1m mean tidal amplitude, and site 
SRM, SRS-6, and SRS-5 receive strong influence from tidal activities 
(Castañeda-Moya, 2010). The general setting of each study site is described below. 
More information about the location and vegetation composition of each site is 
described in Table 1. 
 Site SRM is located on the edge of Ponce de Leon Bay, at the mouths of 
Whitewater Bay and Shark River Estuary. It is flooded by tides 90% of the year with 
an average tidal range of 0.5 m (Castañeda-Moya et al., 2010). This site is situated in a 
fringing mangrove forest, where white mangroves (Laguncularia racemosa) and red 
mangroves (Rhizophora mangle) are co-dominant species (above ground biomass) 
(Chen and Twilley, 1999 a, b). Field observation suggests that the average mangrove 
canopy height at SRM is the highest (> 15m) among all 4 sites. Hurricane Wilma 
almost directly crossed site SRM in 2005. The storm surge flooded the site with 3 - 4 m 
of water and deposited 10 cm of marine sediment here (Castañeda-Moya et al., 2010). 
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 Soil at site SRS-6 (Table 1, Fig. 1) has an atomic nitrogen to phosphorus ratio (N: 
P) of 28 (Chen and Twilley, 1999b). This site is flooded 233 days annually with a 
pore-water salinity of 27 ± 2.6 ppt. It is occupied by white mangroves with red 
mangroves and black mangroves (Avicennia germinans) as co-dominant species. Site 
SRS-6 has the highest plant diversity along the Shark River transect, and the average 
mangrove canopy height is approximately 10 meters (Castañeda-Moya, 2010). Strong 
winds and storm surge from Hurricane Wilma caused damage to approximately 1,250 
ha of mangrove forest along the west coast of the ENP, resulting in 90% mortality of 
trees with diameters at breast height greater than 2.5 cm (Whelan et al., 2009; Smith et 
al., 2009). The storm surge flooded site SRS-6 with 2 - 3 m of water and deposited 
approximately 5 cm of marine sediment on the surface of the mangrove forest 
(Castañeda-Moya et al., 2010). 
Soil at site SRS-5 (Table 1, Fig. 1) has an atomic nitrogen to phosphorus ratio (N: 
P) of 46 (Chen and Twilley, 1999b). This is flooded 197 days annually with a 
pore-water salinity of 20.8 ± 3.1 ppt. It is totally occupied by red mangroves with very 
few other mangrove species. The average mangrove canopy height at this site is 
approximately 8 meters (Castañeda-Moya, 2010). 
Soil at site SRS-4 (Table 1, Fig. 1) has an atomic nitrogen to phosphorus ratio (N: 
P) of 105 (Chen and Twilley, 1999b), therefore it is very phosphorus limited. 
According to a multi-year (2005-2010) monitoring study of the Shark River Estuary 
(Castañeda-Moya, 2010), this site is mainly influenced by freshwater runoffs and 
flooded 165 days annually with a pore-water salinity of 4.6 ± 1.1 ppt. It is occupied by 
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red mangroves with white mangroves as co-dominant species. It is the only site along 
the SRS transect where Conocarpus erectus is found and black mangrove is absent. 
The average mangrove canopy height at this site is less than 5 meters. 
 Review of paleoecological records from the region 
Previous study indicates that marl prairie is the oldest wetland type formed on the 
Everglades limestone platform at ∼12–13 ka during the last deglaciation (Kropp 
1976). Marl prairies are marl-forming and short-hydroperiod freshwater environment 
representing a transitional period between subaerial limestone terrains and 
peat-accumulating wetland (Gleason and Stone, 1994). Periphyton is a common 
component of marl prairies and responsible for calcitic marl deposits underlying wide 
areas of wetland peat in the Everglades (Willard et al., 2001). Marl prairies are found 
in the northern Everglades to the Shark River Slough, Whitewater Bay, Cape Sable, 
and Florida Bay (Gleason and Stone, 1994, Lodge, 2010).  
Between 7,500 to 6,500 cal yr BP, sea-level (SL) record from south Florida 
shows that the SL was rising at a rate of more than 5 mm/yr (Wanless et al. 1994). 
The southwest Everglades lie atop the permeable Tamiami limestone platform where 
the water table is very sensitive to SL changes (Gleason and Stone, 1994). As a result 
of rapid SL rise, the oldest freshwater peats on the Florida Platform started to 
accumulate on marl prairies in the southwest Everglades at ∼6,500 cal yr BP because 
of deeper water levels and longer hydroperiods (Scholl et al. 1969; Robbin, 1984). 
Microscopic studies of these peats indicate that they are composed primarily of 
Cladium and Sagittaria (Willard and Bernhardt, 2011). 
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Between 6,500 to 3,500 cal yr BP, the rate of SL rise slowed to 2.3 mm/year 
(Wanless et al. 1994), but the moderate to long hydroperiod wetlands were spreading 
on the south Florida platform during this period (Willard and Bernhardt, 2011). By 
5,000 cal yr BP, up to 165 cm of freshwater peat had been accumulated on the Florida 
platform from the Florida Keys to Lake Okeechobee (Gleason and Stone 1994).  
After 3,500 cal yr BP, the rate of SL rise slowed to 0.4 mm/year (Wanless et al. 
1994). This allowed the stabilization of coastlines and the establishment of mangrove 
forests along the southwest Florida coast. The oldest definitive mangrove peats 
retrieved from southwest Florida are from the Ten Thousand Islands area and 
Whitewater Bay and were dated at 3,000 to 3,500 cal yr BP (Scholl et al., 1969; 
Parkinson 1989). By ~2,200 cal yr BP, mangrove peats are found up to 20 km inland 
from the coastlines in southwest Florida (Willard and Bernhardt, 2011). However, no 
pollen record is available to document the development of the earliest phase of 
mangrove estuaries. 
Since AD 1930, the rate of SL rise has dramatically increased to 3.8 mm/yr, a rate 
that is 6 to 10 times that of the past 3,500 years (Wanless et al, 1994). Inland 
replacement of freshwater marshes by mangrove wetlands has been observed in the 
ENP as a result of salt water intrusion and salinity changes in groundwater (Ross et al., 
2000). 
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Table 1. Radiocarbon dating results for core SRM, SRS-6, SRS-5, and SRS-4. Dates 
in parentheses are rejected due to extreme age reversal. 
Core ID Depth (cm) Material Conventional  
C
14
 age (yr BP) 
2-σ Calibrated range 
(Cal yr BP) 
SRM 56 Leaf 145 ±25 0 - 280 
 139 Leaf 1180 ±30 990 - 1180 
 179 Leaf 1940 ±30 1820 – 1970 
 243 leaf 2860 ±30 2880 – 3070 
 246 Wood 155 ±25 (Rejected) 
 246 Wood > Modern (Rejected) 
 260 Leaf 2240 ±30 (2150 – 2340) 
 300 Bark 3540 ±35 3700 – 3910 
 374 Organic silt 4160 ±30 4780 - 4830 
 374 Roots 2940 ±30 (3000 – 3210) 
 440 Leaf 1090 ±20 (Rejected) 
 446 Organic silt 5800 ±30 6500 - 6670 
 446 Roots 4060 ±30 (4760 – 4800) 
 448 Plant debris 6620 ±260 (6940 – 7980) 
SRS-6 114 Leaf 500 ±25 510 – 540 
 200 Organic silt 2260 ±20 2160-2340 
 232 Leaf 2970 ±90 2920-3360 
 303 Organic silt 3570 ±25 3770-3970 
 312 Leaf 1680 ±25 (1530-1630) 
 378 Organic silt 4230 ±40 4630-4860 
 381 Leaf 2580 ±40 (2500-2770) 
SRS-5 80 Leaf 930 ±25 790-920 
 155 Organic silt 2050 ±25 1930-2110 
 171 Leaf 1270 ±25 (1150-1280) 
 190 Organic silt 2560 ±20 2540-2750 
 240 Leaf 1280 ±30 (1150-1290) 
 248 Organic silt 4010 ±25 4420-4520 
SRS-4 42 Leaf > Modern (Rejected) 
 50 Leaf 145 ±20 0-280 
 90 Organic silt 1180 ±30 990-1220 
 100 Organic silt 1530 ±20 1360-1520 
 125 Organic silt 2460 ±20 2400-2700 
 151 Leaf 2330 ±50 (2160-2680) 
 156 Shell hashes 3900 ±25 4250-4420 
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Materials and methods 
A 525, 445, 250, and 185 cm sediment core was extracted from site SRM, SRS-6, 
SRS-5, and SRS-4, respectively by using a Russian peat borer in May 2010. The GPS 
coordinates of each coring location are described in Table 1. All cores contain the 
complete depositional history above the bedrock platform. The 50-cm core segments 
were measured and photographed in the field before being wrapped by multiple layers 
of plastic wrap to ensure minimal water loss. All the cores are currently stored in the 
Global Change and Coastal Paleoecology Laboratory at Louisiana State University. 
Thirty-four samples were sent to the NOSAMS Laboratory at Woods Hole 
Oceanographic Institution (WHOI) and Beta Analytic Inc., in Miami, Florida for 
AMS 
14
C measurements. Among those 34 
14
C
 
samples, 14 are from core SRM, 7 are 
from core SRS-6, 6 are from core SRS-5, and 7 are from core SRS-4. All 
14
C dates are 
calibrated using the Calib 7.0 program (Stuiver et al., 2010) and reported as calibrated 
years before present (cal yr BP) in this study. The chronology of core SRM is 
described in Chapter 4. Sedimentation rates for core SRS-6, SRS-5, and SRS-4 are 
determined by linear interpolation between radiocarbon samples. More information 
about the 
14
C samples is described in Table 2. 
In the laboratory, all the cores are scanned by a handheld Olympus Innov-X 
DELTA Premium X-ray fluorescence (XRF) analyzer at 2 cm interval with a sampling 
time of 90 s under standard soil mode to measure elemental concentrations (ppm) of 
32 chemical elements (Fig. 5). Loss-on-ignition (LOI) analysis was performed on all 
the cores at continuous 1 cm intervals to establish core stratigraphy (Dean, 1974). 
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Samples were heated at 105°C to calculate water % (wet weight), 550°C for organics % 
(dry weight), and 1000°C for carbonates % (dry weight) (Fig. 2).  
For palynological analysis, sixty-seven samples were taken from core SRM at 5 to 
10 cm resolution; 39 samples were taken from core SRS-6 at 10 to 15 cm resolution; 26 
samples were taken from core SRS-5 at 10 cm resolution; and 20 samples were taken 
from core SRS-4 at 5 to 10 cm resolution. Each sample contains 0.9 mL of sediments. 
Samples were processed using standard procedures (Liu et al., 2011; Kiage and Liu, 
2009). The hydrofluoric acid treatment was omitted because samples contained 
mostly peat and limited amount of silicates. One commercial Lycopodium (Lc) tablet 
(~ 18,583 grains) was added to each sample as an exotic marker to calculate the 
pollen concentration (grains/cm
3
). Approximately 300 grains of pollen and spores 
were counted in most of the samples and were used as the pollen sum for calculating 
pollen percentages of all taxa. Foraminifera linings, dinoflagellates tests, and charcoal 
fragments (>10 μm in size) were also counted for each sample, but their percentages 
were calculated outside of the sum. The identification of pollen was based on 
published pollen keys by McAndrews et al. (1973) and Willard et al. (2004). The 
palynological results are reported in percentage (%) and concentration diagrams (Fig. 5, 
6). More information about the treatment of pollen samples and calculation of pollen 
concentration can be found in Chapter 3. 
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Figure 2. Lithology, loss-on-ignition diagram, and 
14
C dates for core SRM, SRS-6, SRS-5 and SRS-4. Arrows with solid lines point to accepted 
dates at corresponding depth. Arrows with dash lines point to rejected dates at corresponding depth. A map showing vegetation types surrounding 
the study sites is added to the figure to facilitate the interpretation of data.
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Results 
 Stratigraphy and chronology 
Approximately 10 cm of carbonate-rich clastic sediments occurred at the top of 
core SRM and SRS-6 is attributed to Hurricane Wilma. A Photograph of these 
hurricane deposits is shown in Figure 3. Their sedimentary, chemical, and 
palynological characteristics are described in Chapter 5. The stratigraphic and 
14
C 
dating results from all cores are shown in Fig 2. 
 
 
Figure 3. a) Photo of storm deposits from the top of core SRM. b) Photo of marl 
sediments from the bottom of core SRS-6. c) Photo of freshwater snails Helisoma 
trivolvis sp. 
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 Core SRM is the longest core (525 cm) from the Shark River transect. From 525 
to 485 cm is homogeneous clay (525-485 cm) with very low contents of water, 
organics and carbonate. From 485 to 445 cm are marl sediments. This section contains 
shell hashes of the freshwater snail Helisoma trivolvis sp., and is low in water and 
organics and high in carbonates content. Above the marl sediments are more than 4 m 
of continuous peat (445-10 cm) with very high contents of water and organic matter 
and relatively low concentration of carbonates. The peat sediments have an estimated 
basal age of ~5,700 cal yr BP. 
14
C samples from 56, 139, 179, 243, 300, and 374 cm 
give a date of ~180, 1140, 1880, 2950, 3800, and 4800 cal yr BP. More information 
about the chronology of core SRM can be seen in Chapter 4. 
 Core SRS-6 is 450 cm long. From the bottom to 375 cm are marl sediments. 
Although visual inspection reveals no differences, marl sediments in core SRS-6 show 
different stratigraphy comparing with that in core SRM. The bottom half of this marl 
section (450 to 410 cm) contains shell hashes of the freshwater snail Helisoma trivolvis sp. 
(Fig. 3), but does not have high content of carbonates or low content of water. The top 
has low contents of carbonates and water. Organic content of the marl sediments is 
not consistent comparing with that in core SRM. Pictures of these marl sediments and 
freshwater snails can be seen in Figure 3. From 375 to 10 cm is peat with very high 
content of water. Peat from 125 to 10 cm has low content of organics comparing with 
that in the bottom half of the peat section. The peat sediments have a basal age of 
~4750 cal yr BP. 
14
C samples from 114, 200, 232, and 303 cm give a date of ~525, 
2250, 3140, and 3870 cal yr BP. 
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 Core SRS-5 consists of 250 cm of continuous peat. Water content is consistently 
high throughout the core. Peat from ~150 to 90 cm is coarse and relatively high in 
carbonates. Peat from 90 cm to the top has relatively low content of organics and 
carbonates. Core SRS-5 has a basal age of ~4470 cal yr BP. 
14
C samples from 80, 155, 
and 190 cm give a date of ~850, 2020, and 2650 cal yr BP. 
 Core SRS-4 is 185 cm long and consists of clay (185 to 175 cm), marl (175 to 
160 cm), and peat (160 to 0 cm). Although much shorter, stratigraphy of core SRS-4 
is very similar to that of core SRM. The peat sediments have a basal age of ~4340 cal 
yr BP. 
14
C samples from 50, 90, 100, and 125 cm give a date of ~140, 1100, 1440, and 
2550 cal yr BP. 
 XRF and pollen analyses 
The XRF, pollen percentage, and pollen concentration results of the four cores are 
given in Fig 4, 5, and 6. Cores SRM, SRS-6, and SRS-4 are divided into 4 
corresponding pollen zones. Core SRS-5 is divided into 3 corresponding pollen zones 
with zone 1, the basal pollen zone, missing at this site. Key features of each pollen zone 
are outlined in Table 1. 
 Core SRM 
In core SRM, the basal clay is pollen barren and most likely a bedrock substrate 
caused by acidic leaching. Therefore it is excluded from the discussion of the 
sedimentary history of the Shark River Estuary. Zone I (485 to 450 cm, >5,700 cal yr 
BP) is occupied by upland taxa, particularly Salix, Pinus, and Quercus. Poaceae is 
consistently present, and there is regular occurrence of other herbaceous taxa
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Figure 4. XRF diagrams from core SRM, SRS-6, SRS-5, and SRS-4. Accepted 
14
C 
dates are added to the left side of each core at corresponding depth. 
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Figure 5. Pollen percentage diagrams for core SRM, SRS-6, SRS-5, and SRS-4. 
Accepted 
14
C dates are added to the left side of each core at corresponding depth. The 
concentration curves for marine planktons, charcoal fragments and pollen sum are 
added on the right to facilitate comparison. 
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Figure 6. Concentration diagrams of pollen, marine planktons, and charcoal fragments 
for core SRM, SRS-6, SRS-5, and SRS-4. Accepted 
14
C dates are added to the left 
side of each core at corresponding depth. 
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(Amaranthaceae, Sagittaria, and Typha). XRF results reveal that sediments in zone I 
have very high contents of Ca and Sr. 
Zone II (450 to 300, 5,700 to 3,800 cal yr BP) is characterized by abundant 
charcoal and a marked shift to herbaceous taxa. The bottom of this zone contains 
mostly upland taxa (Salix, Pinus, and Rubiaceae), and some herbaceous taxa 
(Asteraceae, Poaceae, and Typha) also commonly occur. From 410 to 350 cm, 
Amaranthaceae becomes the most dominant pollen taxa. At the top of zone II, Pinus 
and Sagittaria are the most abundant taxa. XRF analysis shows low concentration of 
all detected chemical elements in zone II.  
Zone III (300 to 140 cm, 3800 to 1140 cal yr BP) is characterized by the increase 
of mangrove taxa. Poaceae and Amaranthaceae are still very plentiful at the bottom of 
the zone, but all mangrove species start to appear and increase in abundance. From 
250 cm, Rhizophora becomes the most common species, while most upland and 
herbaceous taxa become less abundant. Dinoflagellates and foraminifera linings 
appear in higher concentrations more consistently. XRF results show higher contents 
of Br and Ti comparing with zone II 
Zone IV (140 to 10 cm 1140 cal yr BP to present) is characterized by the total 
dominance of Rhizophora. Rhizophora accounts for >50% of the pollen sum and is 
very high in concentration, while upland and herbaceous taxa are generally less 
abundant. Other mangrove genera (Laguncularia, Avicennia, and Conocarpus) and 
dinoflagellates and foraminifera linings are also present in higher abundance. XRF 
results show a significant increase in the concentrations of Ca, Sr, Zr, S, Fe, and Ti. 
 Core SRS-6 
In zone I (450 to 380 cm, >4800 cal yr BP), although the pollen percentage 
diagram indicates Amaranthaceae as the most dominant species, the pollen 
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concentration diagram reveals that all pollen taxa including Amaranthaceae are very 
scarce in this zone. XRF results show high concentrations of Zr, Fe, and Ti. 
Zone II (380 to 260 cm, 4,800 to 3,430 cal yr BP) is characterized by abundant 
charcoal and Amaranthaceae. Pinus consistently occur, and Poaceae and Sagittaria 
are abundant at the bottom half of the zone. XRF analysis shows low concentrations 
of all detected chemical elements in zone II.  
Zone III (260 to 140 cm, 3430 to 1060 cal yr BP) is characterized by the 
appearance of mangrove species. Pollen concentration diagram shows that 
Amaranthaceae disappears from the pollen assemblage from 180 cm, but all 
mangrove species except for Avicennia are consistently present. Other common taxa 
include Pinus, Morella, Asteraceae, and Poaceae. XRF results show increase in in the 
concentrations of Br and Fe. 
 Zone IV (140 cm to the surface) contains mostly mangrove pollen. Pollen of 
Rhizophora maintains high representation throughout this zone. Pollen of 
Laguncularia and Avicennia is abundant at the bottom half of the zone but decreases 
towards the top of zone IV. Some upland (Pinus, Quercus, TCT, and Morella) and 
herbaceous taxa (Asteraceae, Ambrosia, and Poaceae) continue to be present. 
Dinoflagellates and foraminifera linings are present in higher abundance. XRF results 
show an increase in the concentrations of all detected chemical elements. 
 Core SRS-5 
In core SRS-5, marl is absent at the bottom of the core, therefore it has only 3 
corresponding pollen zones. Pollen assemblages of core SRS-5 are very similar to 
those of core SRS-6. Zone II (bottom to 175 cm, 4500 to 2380 cal yr BP) is 
characterized by abundant charcoal and Amaranthaceae. Sagittaria, Pinus, Poaceae, 
and Cyperaceae are consistently present. Zone III (175 to 80 cm, 2380 to 860 cal yr 
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BP) is characterized by the appearance of mangrove species except for Avicennia, 
which is absent from the core. Pinus and Poaceae continue to be present; Quercus, 
Morella, Asteraceae, and Ambrosia become more abundant; and Sagittaria becomes 
rare. The pollen assemblage of zone IV (80 cm to the surface) is very similar to that of 
zone III, except that Rhizophora becomes the dominant species. XRF results show 
low contents of all detected chemical elements at zone II and III, and their 
concentrations increase in zone IV.  
 Core SRS-4 
In core SRS-4, the bottom 10 cm consists of pollen barren clay. Pinus, Poaceae, 
Cyperaceae, and Amaranthaceae are the most abundant species in the pollen 
assemblage of zone I (175 to 160 cm, >4400 cal yr BP). Zone II and III extend from 
160 to 120 cm and 120 to 80 cm respectively, and are dated to 4400 to 2330 cal yr BP 
and 2330 to 860 cal yr BP. Their pollen assemblages are very similar to that of zone II 
and zone III in core SRS-5. Zone IV extends from 80 cm to the surface, and contains 
mostly Morella, Poaceae, Amaranthaceae, and Rhizophora. Laguncularia increases 
toward the top of the zone, and Conocarpus becomes the most dominant species of 
the top 20 cm of the core. Unlike the other cores, the concentration of charcoal is very 
high in zones III and IV in core SRS-4. XRF analysis shows very high concentrations 
of Ca and Sr in zone I; low concentration of all detected elements in zone II and III; 
and increases of Ca, Sr, S, and Br in zone IV. Unlike the other cores, Zr is absent from 
the top half of core SRS-4. 
Discussion 
 Evolution of the Shark River Estuary 
Where the Shark River Estuary is situated today appears to dry out frequently 
prior to the mid-Holocene. Basal clay layers in core SRM and SRS-4 are devoid of 
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pollen. This suggests a subaerial condition below the “wetness” threshold for pollen 
preservation. The absence of pollen also precludes knowledge of the vegetation types 
present. Our study sites were most likely situated on an arid or frequently dried out 
terrestrial environment that was not inundated long enough to promote marl or peat 
accumulation during the early to mid-Holocene.  
 Each stage of the landscape-scale vegetation development at the Shark River 
Estuary is displayed in Figure 7. By 6000-5700 cal yr BP, marl sediments rich in shell 
hashes of freshwater snails started to accumulate at site SRM, the current mouth of the 
Shark River Estuary (Fig. 7a, Table 1). Such transition suggests that with low nutrient 
water presents for extended periods of time in the summer under high light conditions, 
allowing the flourish of algae and formation marl prairies at site SRM (Gleason and 
Stone, 1994; Willard, et al., 2001). By 4,800 cal yr BP, marl prairies were present at 
site SRS-4, at least 20 km from the mouth (Fig. 7b, Table 1). Because the Shark River 
Estuary lies atop the permeable Tamiami limestone where the water table is very 
sensitive to changes in hydrological conditions (Gleason and Stone, 1994), the 
spreading of marl prairies toward more inland area suggests a higher elevation of the 
phreatic aquifer due to SL rise. Abundant Pinus, Salix and Amaranthaceae in the 
pollen assemblage suggest that it was a mixture of short-hydroperiod and 
longer-hydroperiod prairies (Fig. 5 and 6), perhaps also with pine savannas in the 
immediate vicinity. Such areas (e.g., Lostman's Pines and Raccoon Point regions of 
Big Cypress National Preserve) are present in the interior of the Everglades region of 
South Florida today (Doren et al. 1993; Schmitz et al., 2002; Hanan et al., 2010). 
These habitats today have hydroperiods lasting less than 12 months and are thus dry 
seasonally, tending to burn more than once a decade, and even every 1-2 years if 
located adjacent to pine savannas (Platt 1999; Schmitz et al., 2002;          
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Slocum et al., 2003). Such high fire frequency could be inferred from the abundance 
of charcoal particles in the samples of pollen zone I. Most importantly, our study 
indicates not only that marl prairies have been present in southwestern Florida since 
the mid-Holocene, but also suggests that early wetland landscapes in the Shark River 
Estuary are likely to have resembled the fire-maintained landscapes occurring today in 
Big Cypress National Preserve and ENP (Schmitz et al., 2002, Slocum et al., 2003). 
Peat accumulating landscapes (pollen zone II) started to appear at site SRM at 
~5,600 cal year BP and spread to the entire Shark River Estuary by 4,400 cal yr BP 
(Table 1). The pollen assemblage of this stage of the wetland development is 
characterized by a marked decrease of upland taxa and increase of Amaranthaceae and 
charcoal fragments (Fig. 5 and 6). These palynological data are consistent with 
long-hydroperiod prairies similar to the ones existing in present-day northern to 
central Everglades (Willard et al., 2001, 2006). These habitats today have 12 month 
hydroperiods. The increase of Amaranthaceae and charcoal particle in these 
freshwater wetland habitats has been attributed to natural lightning-ignited fires 
(Slocum et al. 2003, 2010) and hurricanes (Armentano et al. 1995), when open space 
is generated and colonized by species like Amaranthus australis (Schmitz et al., 2002). 
Such transition from marl prairies to peat accumulating freshwater wetlands at the 
Shark River Estuary suggests an extended hydroperiod due elevated watertable caused 
by SL. 
 With the SL continuing to rise after the mid-Holocene, marine transgression 
gradually reduced the site-to-sea distance in south Florida (Wanless et al., 1994; 
Gleason and Stone, 1994). From 3,800 to 2,000 cal yr BP, freshwater environment at 
the Shark River Estuary was progressively replaced by brackish marsh (Fig. 7 c and d). 
This transition is clearly recorded by the palynological data (Fig. 5 and 6). Linings of 
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Figure 7. Model of the evolution of the Shark River Estuary. The time interval for 
each figure is selected to show each stage of the development of the Shark River 
Estuary. 
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foraminifera start to appear with greater regularity during this period (pollen zone III), 
while mangrove taxa gradually replace herbaceous taxa. Additionally, the abundance 
of microscopic charcoal fragments diminishes, indicating a changing environment 
(less fresh water and fewer fires) with greater marine influence (Willard et al., 2001; 
Willard and Cronin, 2007). Today, similar brackish marshes occur between mangrove 
forests and freshwater marshes in the Everglades (Willard et al., 2001). Using this as a 
modern analog, it could be inferred that by 3,800 cal yr BP, the Shark River Estuary 
was occupied by grasses and Amaranthus, with some scrub Rhizophora and 
occasional Avicennia and Laguncularia. Comparing with long-hydroperiod prairies, 
the frequency of fire was much reduced due to lower fuel loads (less graminoids 
biomass) and a 12 month hydroperiod (Ross et al., 2000). 
The period from ~1,100 to 800 cal yr BP is characterized by the establishment of 
mangrove forest (Fig. 7 e and f). By 1,100 cal yr BP, Zr, the main constituent for 
Florida beach sand (Miller, 1945), started to consistently appear at site SRM (Fig. 4). 
Because tides (and episodic storms) are the only mechanism that consistently brings 
marine sediments, this chemical signature suggests that site SRM started to receive 
sand through tidal exchange at that time. Concurrently, the XRF diagrams show a 
higher content of all measured elements (Fig. 4). Most importantly, the concentration 
of all mangrove species and marine microfossils (foraminifera and dinoflagellate) 
increased significantly by 1,100 cal yr BP (Fig. 6). These results suggest that a mixed 
mangrove forest similar to today’s was established at the mouth of the Shark River 
Estuary due to increased allochthonous sediment input. Such a mangrove ecosystem 
spread to site SRS-6 at ~1000 cal yr BP, and more inland sites (SRS-5 and SRS-4) at 
~ 800 cal yr BP (Fig. 7 e and f). Nevertheless, Conocarpus, a mangrove associate 
growing at more freshwater environment has occupied our farthest upstream site 
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SRS-4 since 100 cal yr BP (Fig. 5, 6). Concentrations of most elements remain low 
(Fig. 4), but charcoal fragments are abundant throughout core SRS-4. These evidences 
suggest that the marine influence can hardly reach site SRS-4, which is located 20 km 
from the coast and experiences very little tidal influence today (Castañeda-Moya et al., 
2010). Hence, transition to the modern coastal mangrove ecosystem was completed by 
about 800 cal yr BP in the Shark River Estuary. 
 Regional implications 
Our study can be correlated with similar records from the region. Studies from 
Laguna de la Leche in Cuba (Peros et al., 2006) and Lake Wales Ridge region in 
south-central Florida (Watts, 1969; Watts and Stuiver, 1980; Grimm et al., 1993; 
Watts and Hansen, 1994) show a change toward “wetter” ecosystem after 5,000 cal yr 
BP. Although the initiation of peat-forming long-hydroperiod prairies in the Shark 
River Estuary was synchronous with these records, vegetation changes at these other 
locations may have been driven by different factors. The enhanced moisture at Lake 
Wales Ridge was likely caused by an increase in precipitation and decrease in solar 
insolation (Watts and Hansen, 1994), because the central Florida area is not very 
sensitive to the change of sea-level due to its slightly higher elevation (Donders, et al., 
2005). In contrast, the Shark River Estuary and Laguna de la Leche are much more 
sensitive to SL change because they are much closer to the sea. We argue that the 
mid-Holocene SL rise is the one dominant cause of vegetation change at the Shark 
River Estuary, although the coastal plain climate may alter the tree-herb composition 
of the earliest peat-forming wetlands. Our pollen records indicate that the 
development of freshwater marshes was not synchronous throughout the Shark River 
Estuary. Instead, it started early at the coastal site (SRM), and then progressed 
upstream (SRS-4) as the Florida aquifer was elevated due to SL rise, thereby causing 
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wetter soil conditions toward the sea (Fig. 7). More importantly, the ages of the 
freshwater-brackish-mangrove transitions as well as the basal peat dates are 
time-transgressive toward further inland sites (Table 1). Based on these evidences, we 
believe that the shoreline in southwestern Florida has been undergoing a transgressive 
process driven by the SL rise from the mid-Holocene. 
 This marine transgression at the Shark River Estuary is consistent with other 
records from coastal areas in south Florida. Studies from Tampa Bay (van Soelen et 
al., 2010) and Charlotte Harbor (van Soelen et al., 2012) also document a transition 
from freshwater to marine environment after 3,500 cal yr BP. In addition, a study from 
Fakahatchee Strand State Preserve Park, southwest Florida, records an intensification 
of El Niño-Southern Oscillation (ENSO) after 3,500 cal yr BP (Donders et al., 2005). 
Intensification of ENSO is likely to have increased winter rainfall in the southeastern 
United States and reduced fire frequency and fire extent across long-hydroperiod 
prairie landscapes (Beckage et al. 2003). Such increases may facilitate the transition 
from long-hydroperiod prairies to brackish marshes as well. 
Conclusion 
 Pollen records from the Shark River Estuary provide valuable 
paleoenvironmental information with which to understand the Holocene 
environmental history of south Florida. They also shed light on the processes driving 
millennial-scale ecological and hydrological change on subtropical coastlines. The 
Shark River Estuary has undergone three major transformations since the 
mid-Holocene: (1) Marl prairies were progressively replaced by long-hydroperiod 
prairies after ∼5,700 cal yr BP. (2) Long-hydroperiod prairies were replaced by 
brackish marshes from 3,800 to 2,000 cal yr BP. (3) A significant expansion of 
mangroves occurred over the last 1000 years. The wetland transformation at the Shark 
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River Estuary can be correlated with paleolimnological records from southwest 
Florida and Cuba that indicate a rising water table after the mid-Holocene. The 
environmental changes at the Shark River Estuary are driven mostly by SL rise, 
although the fire-flood interaction of the long-hydroperiod prairies suggests that the 
coastal plain climate may have played a minor role. Our paleoenvironmental results 
highlight the complexity of subtropical estuarine environments and have important 
implications for understanding the biogeography and prehistory of the Everglades. 
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CHAPTER 7. SUMMARY AND CONCLUSION 
Restatement of purpose 
This research examines the paleoenvironments of four study sites along the Shark 
River Estuary, through the extraction and analysis of a total of ~15 m of sediment 
cores. Using a multi-proxy approach, the main objective of this study was to: (1) 
review the Holocene pollen and associated paleoecological records of mangrove 
ecosystems in the western North Atlantic (WNA); (2) establish the spatial and 
statistical relationships between surface pollen assemblages and local vegetation in 
the Everglades; (3) use the sedimentary signature of Hurricane Wilma as a modern 
analog to reveal other paleohurricane events in the sedimentary record; (4) document 
evolution of the Shark River Estuary from the mid-Holocene; (5), identify the timing 
of the freshwater-brackish-marine transitions in the Shark River Estuary during the 
Holocene; and (6) assess the role of climate change and sea-level rise in driving the 
millennial-scale estuarine vegetation dynamics in the Everglades. 
Chapter 2. 
Chapter 2 reviews the pollen and associated paleoecological records of 
mangrove-dominant environments from 24 study sties in the WNA from the 
mid-Holocene. Through the examination of pollen, marine microfossils, microscopic 
charcoal, mangrove peat stratigraphy, and chemical and isotopic records from WNA, 
the results suggest that winter sea-surface temperature (SST) is an important control 
over the distribution and late Holocene dispersal pattern of Rhizophora, as evidenced 
by the progressive migration of Rhizophora from the south side of the Caribbean 
Basin toward the Gulf Coast, which spanned thousands of years. This gradual 
expansion was likely driven by an increase in the boreal winter insolation of ~25 
W/m
2
 in the tropics, which increased the winter SST of the WNA by up to 2°C 
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(Chollett et al., 2012). With warmer winter SST and stable sea-level rise (SLR) after 
3500 cal yr BP, Rhizophora was able to establish at higher latitudes and eventually 
colonized the coastlines of Yucatan, South Florida, and Bermuda. 
 Additionally, this review of the pollen and paleoecological records from the 
WNA reveals a consistent, though spatially and temporally variable, decline of 
Rhizophora from 3000 to 1000 cal yr BP. It might be caused by a period of elevated 
hurricane activities, drop in the regional sea-level, or dry climate. 
Chapter 3. 
Chapter 3 examines 18 modern pollen samples from a 20 km transect along the 
SRS and 7 samples from 3 major wetland sub-environments along the main park road 
in the ENP. By comparing vegetation groups classified by Grimm’s (1987) CONISS 
and PCA and surface pollen analyses with the local vegetation of sampling locations, 
the 25 surface pollen assemblages from the ENP are classified into five vegetation 
groups, which are marl prairie, pineland, inland mangroves, mangrove forests, and 
hurricane damaged mangrove fringe. These groups broadly correspond with various 
local vegetation types around the sampling sites. This study indicates that 
palynological data from sediment cores from the Everglades can be used to 
reconstruct past wetland responses to a variety of environmental and climatic changes 
and to predict future responses. 
Chapter 4. 
Chapter 4 presents the palynological record from core SRM, which was retrieved 
from the mouth of Shark River Estuary in Everglades National Park. This record 
contains 5,700 years of vegetation history. Palynological and XRF data from core 
SRM indicate that wetlands have been present at the mouth of the Shark River 
Estuary since the mid-Holocene. Initial wetland habitat, a short-hydroperiod 
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graminoid-dominant marl prairie, existed more than 5,700 cal yr BP. It was similar in 
species composition, ecological fire regimes, and landscape organization to habitats 
currently present in the central Everglades. During the period from ~5,700 to 5,250 
cal yr BP, plant communities consisting of short- and long-hydroperiod prairies with 
imbedded sloughs and surrounded by uplands prevailed. By ~5,250 cal yr BP, these 
habitats were replaced by long-hydroperiod prairies that were herb-dominant, which 
lasted about 1,000 yr. Between 4,200 to 3800 cal yr BP, as a response to increasing 
but perhaps more seasonal precipitation, sloughs imbedded in frequently-burned 
long-hydroperiod prairies/marshes were formed. These data suggest that freshwater 
wetlands in the southwestern Everglades date back to at least the mid-Holocene and 
are dynamic ecosystems, changing almost continuously on millennial timescales. The 
multi-proxy data record a clear transition from a freshwater to a coastal/estuarine 
environment from ~3,800 to 1,150 cal yr BP. During this period, relatively stable sea 
levels allowed the colonization of mangroves, causing a shift to mangrove-dominant 
forest at the study site.  
At ~1,150 cal yr BP, a mixed mangrove forest resembling the present day 
vegetation composition was established at the study site, suggesting that the modern 
mangrove-dominant coastline was formed at the Shark River Estuary at that time. 
Accelerated sea level rise should both generate new habitats suitable for mangroves, 
and also remove current shoreline habitats. Thus, accelerated sea level rise should 
result in the generation of transient mangrove forests that will not reach the ages that 
they used to when shorelines are transgressing more slowly or are stable. Such 
dynamics should result in a dynamic non-equilibrium front of developing mangrove 
forest that moves inland, but is lost on the ocean-ward side at rates dependent on sea 
level rise and hurricane activities. 
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Chapter 5. 
Chapter 5 evaluates the distinctive carbonate-rich clastic layer left by Hurricane 
Wilma (2005) at the top of core SRM. Multi-proxy analyses reveal the unique 
sedimentary signature of Hurricane Wilma. By using Hurricane Wilma as a modern 
analog and statistical analyses of the multi-proxy record, six major hurricane events 
are inferred at ~3000, 1700, 950, 580, 350, and 120 cal yr BP. The numerical analysis 
also confirms that the modern mangrove coastline was formed at the mouth of the 
Shark River Estuary by ~1150 cal yr BP, as the shoreline became stabilized 
This study produces the first multi-proxy record of paleo-hurricane activities for 
South Florida, which is vital for the study of global climate change and forecasting 
future impacts of tropical cyclones. The study also applies an objective approach, 
numerical analysis, to paleotempestology studies. Further paleoecological studies are 
needed to produce a high-resolution pollen record for the better understanding of the 
long-term process of post-storm forest succession and habitat recovery in the 
Everglades landscape. 
Chapter 6. 
Chapter 6 presents palynological, x-ray fluorescence, and loss-on-ignition data 
from all 4 cores retrieved from a 20 km transect along the Shark River Estuary. The 
results indicate that the initial development of freshwater marshes was not 
synchronous throughout the Shark River Estuary. Instead, it started early at the coastal 
sites (SRM), and then progressed upstream (SRS-4) as the Florida aquifer was 
elevated due to SLR. More importantly, the ages of the freshwater-brackish-mangrove 
transitions as well as the basal peat dates are time-transgressive towards further inland 
sites. These data suggest that the shoreline in southwestern Florida was going through 
a transgressive process driven by the SLR from the mid-Holocene. Based on these 
177 
 
evidences, we argue that the mid-Holocene SLR was the predominant cause of 
vegetation change at the Shark River Estuary, although the coastal plain climate may 
have altered the tree-herb composition of the earliest peat-forming wetlands.  
Future research 
As indicated in Chapter 4, no palynological records older than 5000 cal yr BP 
were available from the Everglades. This dissertation presents an estimated 5700 year 
palynological record from the Shark River Estuary, the largest freshwater outlet in the 
Everglades. Due to its unique hydrological and ecological settings, much regional 
paleoenvironmental work must be performed to verify the findings and further test the 
hypotheses presented in this dissertation. Results from this study suggest that the 
modern mangrove-dominant shoreline at the mouth of the Shark River Estuary is 
more than 2,000 years younger than previously estimated (Parkinson, 1989; Gleason 
and Stone, 1994; Wanless et al., 1994; Lodge, 2010). Sedimentological data should be 
retrieved from other mangrove estuaries along the coastlines of south Florida to 
validate the regional significance of this conclusion. Future research could also 
generate new sedimentary records from Taylor Slough in Everglades National Park in 
south Florida. Taylor Slough has different morphological and physical settings, 
opposed to the mixed mangrove forests discussed in this study. By doing a 
comparative study, the sensitivity of these areas to relative sea-level rise can be 
determined.  
Additionally, there is still no consistent view regarding the long-term response of 
mangrove communities to hurricanes. Hurricanes can strongly influence the structure 
and composition of mangrove forests. These large-scale disturbances bring sediments, 
nutrients, as well as stressors (strong wind, hypersaline conditions, and floodwater 
inundation) to mangrove-dominant coasts (Chen and Twilley, 1999a, b; 
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Mancera-Pineda et al., 2009; Piou et al., 2006; Urquhart, 2009; Whelan et al., 2009; 
Castañeda-Moya et al., 2010; Gonzalez et al., 2010). Some studies suggest that 
Rhizophora mangle suffers higher initial mortality compared with Avicennia 
germinans and Laguncularia racemosa due to its lack of resprouting capability 
(Baldwin et al., 1995, 2001; Thaxton et al., 2007). The direct landfall of major 
hurricanes has been documented to kill canopy trees in a Rhizophora 
mangle-dominant forest and give opportunities for shade-intolerant species including 
other mangrove species and herbaceous plants at low salinity sites to colonize and 
form a mixed forest (Smith et al., 1994, 2009; Baldwin et al., 1995, 2001; 
Vegas-Villarrúbia and Rull, 2002; Hogarth, 2007; Piou et al., 2006; Thaxton et al., 
2007). However, the complete recovery of severely damaged mangrove forests 
requires time spans of decades to centuries, which are beyond the duration of most 
ecological studies, and thus the regeneration process and successional patterns are not 
well understood. It appears that the duration and forest recovery trajectory may vary 
from one storm to another depending on the severity and nature of the impact, among 
other factors, such as original species composition and physiognomic structure at the 
impacted site. Further paleoecological studies are needed to better understand these 
long-term changes in mangrove forests at different temporal and spatial scales in the 
Everglades landscape. 
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